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PREFACE 

TO   FOURTH   EDITION,   VOL.    I.,  AND 
THIRD  EDITION,  VOL.  II. 


The  rapidity  with  which  Engineering  Science  and  Practice 
progress,  necessitates  constant  vigilance  on  the  part  of  the 
Author  who  aims  at  keeping  a  Text- Book  on  Applied  Mechanics 
and  Mechanical  Engineering  abreast  of  the  fast-moving  times. 
In  the  many  important  additions  to  these  new  Editions,  I  have 
endeavoured  to  select  useful  practical  examples  of  certain 
leading  principles  of  Mechanics,  as  well  as  of  the  construction 
and  action  of  machines  which  have  come  to  the  front  since  this 
book  was  written.  I  have,  therefore,  illustrated  and  described 
certain  prominent  applications  of  electrical  machines  to  the 
driving  of  tools  and  cranes,  and  compared  their  results  with 
what  was,  and  still  is,  common  practice.  For,  all  engineers 
should  be  familiar  with  Electrical  Transmission  of  Power  and 
the  circumstances  under  which  it  can  be  applied  to  the  best 
advantage. 

In  addition  to  having  had  both  volumes  carefully  studied  and 
corrected  in  connection  with  my  "  Correspondence  System  of 
Teaching  Engineering  Science  and  Applications/'  the  following 
additions,  amongst  others,  have  been  made :  —  Tables  of 
Symbols  and  Abbreviations :  Construction,  with  Notes  on 
Oiling  of  Heavy  Shaft  Bearings,  and  the  Seigrist  System  of 
Automatic  Lubrication  for  Large  Engines,  by  J.  L.  Graham, 
Marine  and  Electric  Tramway  Station  Engineer ;  Examples 
on  Speed  and  Horse-power  from  Resistance  of  Models  and 
Full-sized  Steamships,  by  John  Anderson,  of  Messrs.  Caird  <fc 
Co.'s  Scientific  Department,  Greenock;  Kynoch  Roller  Bearings, 
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Hoffman  Ball  Bearings,  1  lumber  Cycle  Ball  Bearings,  and 
Lea-Francis  Clutch  Ball-race ;  Heenan  and  Froude's  Water 
Dynamometer  with  Frontis-plate,  together  with  the  Applica- 
tions of  Froude's  Dynamometer  by  Prof.  Weigh  ton,  at  Durham 
College  of  Science,  and  a  reference  to  Prof.  Osborne  Reynolds* 
accurate  determination  by  it  at  Owens  College,  Manchester,  of 
777  ft. -lbs.  of  Work,  as  the  Mechanical  Equivalent  of  one 
British  Thermal  Unit;  Speed-reducing  Worm  Gear,  by  David 
Brown  &  Sons,  Huddersfield ;  Specifications,  Tests,  and  Effi- 
ciency Diagrams  of  the  Clyde  Trust  Hydraulic  and  Electric 
Cranes,  by  George  H.  Baxter,  M.  I.M.E. ;  Electric  Cranes  for 
Manchester  Ship  Canal  Warehouse  Company  and  Electric 
Overhead  Travelling  Crane,  by  George  Russell  &  Co.,  Ltd., 
Motherwell;  Cable  Grappling,  Picking-up  and  Paying-out 
Gear ;  Changing  Speed  with  Electro  -  Motor  Connections ; 
Electrical ly-drivt-n  Lathe,  by  James  Archdale  k  Co.,  Birming- 
ham; Machine-cut  Gearing;  Correct  Form  of  Bevel  Wheel 
Teeth ;  Spur,  Bevel,  and  Worm  Wheel  Cutting  Machines, 
by  J.  H.  Gibson,  David  Brown  &  Sons,  Grimshaw  &  Baxter ; 
Rawhide  Pinions;  Wiist  Double  Helical  Gear,  by  Martyat 
&  Place,  London ;  Speed-reducing  Gear,  by  R.  G.  Ross  <fc 
Sons,  Glasgow  ;  Amsler's  Planimeter,  as  used  for  Measuring 
Engine  Indicator  Diagrams  and  other  Irregular  Figures; 
Thunderbolt's  Marine  and  other  Steam  Engine  Governors ; 
Experiments  upon  the  Action  of  Engine  Governors,  by  W.  G. 
Hibbins,  A.M.Inst.C.E.  ;  Hercules  Turbine  Installation  and 
Pneumatic  Tools,  by  John  Turnbull,  Jr.,  &  Sons,  Glasgow; 
Water  Turbines  and  Rules  for  Hydraulic  Motor  Installations, 
by  J.  Ritchie,  of  Carrick  &  Ritchie,  Edinburgh. 

The  half-yearly  examinations  of  the  Institution  of  Civil 
Engineers  for  admission  of  students  and  of  associate  members, 
which  were  begun  in  October,  1897,  have  now  had  a  fair  trial. 
The  general  opinion  is,  that  these  examinations  have  becon.o 
the  Standard  Examinations  for  the  Engineering  Profession  in 
Great  Britain,  India,  and  the  Colonies.  It  was  therefore 
gratifying  to  find,  that  this  book,  which  had  been  written  before 
these  tests  were  instituted,  was  used  by  successful  candidates 
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for  the  A.M. Inst. C.E.  examinations.  In  the  present  new 
Editions  I  have,  consequently,  taken  advantage  of  the  courtesy 
of  The  Institution  in  kindly  providing,  me  with  copies  of  the 
papers,  to  allocate  each  and  all  of  the  questions  upon  Mechanics, 
Structures,  Strength  and  Elasticity  of  Materials,  as  well  as 
Hydraulics,  to  their  respective  Lectures  and  Appendices.  The 
questions  which  bear  directly  upon  details  ol  Steam  Engines,  as 
well  as  those  upon  the  "Theory  of  Heat  Engines,"  have  been 
reserved  for  the  fourteenth  edition  of  my  Text-Book  on  Steam 
and  Steam  Engines. 

I  have  not  forgotten  the  requirements  of  either  those  who 
desire  to  pass  the  Advanced  and  Honours  Applied  Mechanics 
Examinations  of  the  Boards  of  Education  for  England,  Scotland, 
and  Ireland,  or  those  preparing  for  the  Mechanical  Engineering 
Examinations  of  the  City  and  Guilds  of  London  Technological 
Institute,  for  I  have  also  allocated  their  examination  questions 
in  the  same  way,  with  their  1903  Papers  and  Rules  as  guides  to 
Teachers  and  Students. 

In  the  Appendices  to  both  volumes,  I  have  printed  extracts 
from  the  present  and  the  prospective  1904  Rules  and  Syllabus 
of  the  Institution  of  Civil  Engineers  as  a  guide  to  intending 
candidates  for  admission  as  Associate  Members. 

Altogether,  there  will  be  found  in  Volume  I.  about  300 
figures  and  diagrams,  with  a  special  new  Frontis- plate  and 
considerably  over  500  questions.  In  Volume  II.  there  are 
over  370  illustrations  and  950  questions.  Most  of  the  Inst. C.E. 
questions  will  be  found  at  the  ends  of  the  Lectures  in  Volume 
II.,  and  future  candidates  will  be  pleased  to  learn,  that  on  and 
after  October,  1904,  the  subject  of  " Theoretical  Mechanics"  will 
not  appear  in  the  syllabus ;  whereas,  the  "  Theory  of  Machines," 
including  all  the  forms  of  Gearing  treated  of  in  Part  II.  of 
Volume  I.,  will  appear  for  the  first  time. 

Examiners  now  demand  a  broader  and  more  practical, 
although  perhaps  a  less  purely  mathematical  or  "  theoretical " 
expression  of  a  young  engineer's  knowledge  of  mechanics,  than 
was  the  case  a  few  years  ago.  It  is,  therefore,  to  be  hoped  that 
these  two  volumes  will  meet  their  requirements. 
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I  have  much  pleasure  in  thanking  my  senior  assistant  Mr. 
John  Earn 8 ay,  for  his  help  -with  the  numerous  additions  aud 
the  very  full  Index,  as  well  as  Messrs.  Stothart  k  Pitt,  Bath ; 
A.  S.  Vowell,  C.E.,  London;  John  H.  A.  M'Intyre,  M.LM.R, 
Glasgow  ;  Prof.  David  Robertson,  B.Sc,  Bristol  ;  John  S. 
Nicholson,  B.Sc,  Glasgow ;  and  F.  R.  Stewart,  B.Sc,  Glasgow, 
for  assisting  me  with  different  parts  of  the  book. 

Finally,  my  sincere  obligations  are  due  to  Messrs.  Charles 
Griffin  <fc  Co.,  the  publishers,  for  the  patience  and  care  which 
they  have  bestowed  upon  the  work. 

ANDREW  JAMIESON. 


Consulting  Engineer  and  Electrician, 

16  Rosslvn  Terrace,  Kelvinsidb, 
Glasgow,  October   1903. 
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This  Text-Book  has  been  written  expressly  for  Second  and 
Third  Tear  Students  of  Applied  Mechanics.  It,  therefore, 
forms  a  suitable  companion  to  the  Author's  Text-Book  on 
Steam  and  Steam  Engines.  It  also  forms  a  direct  continu- 
ation of  his  Elementary  Manual  on  Applied  Mechanics; 
for  it  covers  the  Advanced  Stage  of  the  Science  and  Art 
Departments  Examinations,  and  treats  on  many  points 
demanded  by  the  Honours  Section.  It  will,  moreover,  be 
found  of  considerable  use  to  those  who  aim  at  passing  the 
Advanced  and  Honours  Stages  of  the  same  Examinations  in 
Machine  Construction  and  Drawing,  as  well  as  the  Exam- 
inations of  the  City  and  Guilds  of  London  Institute  in 
Mechanical  Engineering.  At  the  same  time,  the  treatment 
of  the  subject  is  sufficiently  general  to  satisfy  the  wants 
of  other  engineering  students,  who  do  not  happen  to  have 
these  Special  Examinations  in  view. 

The  book  has  been  divided  into  six  parts : — 

I.  The  Principle  of  Work  and  its  Applications ;  Friction, 

Power  Tests,  with  Efficiencies  of  Machines. 
II.  Gearing,  with  Applications  to  Machines. 

III.  Motion  and  Energy. — Governors,  Flywheels,  &c. 

IV.  Graphic  Statics   and  Applications  to   Roofs,  Cranes, 

Beams,  Girders,  and  Bridges. 
V.  Strength    of    Materials.  —  Stress,    Strain,    Elasticity, 
Resilience,   Cylinders,  Chains,   Shafts,   Beams,  and 
Girders. 

VI.  Hydraulics. — Hydraulic  and  Refrigerating  Machinery. 

b 
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Parts  I.  and  II.  were  issued  as  Volume  L,  and  the  remain- 
ing Parts  now  form  Volume  II.  This  volume  consists  of 
Lectures  XX.  to  XXXIV.  under  the  following  general 
headings : — Velocity  and  Acceleration  —Motion  and  Energy 
— Energy  of  Rotation  and  Centrifugal  Force — Engine 
Governors  and  other  Applications  of  Centrifugal  Force — 
Framed  Structures — Roof  Frames — Deficient  Frames — 
Cranes — Beams  and  Girders — Stress  and  Strain,  and 
Bodies  under  Tension — Strength  of  Shafts — Strength  of 
Beams  and  Girders — Deflection  of  Beams  and  Girders — 
Hydrostatics  —  Hydraulic  Machines  —  Hydrokinetics  — 
Water  Wheels  and  Turbines — Refrigerating  Machinery. 

In  each  Part  special  reference  has  been  made  to  the 
latest  and  best  books,  and  to  papers  read  before  leading 
Engineering  Societies. 

In  each  Part  a  number  of  examples  have  been  fully 
worked  out,  and  at  the  end  of  each  Lecture  a  series  of 
carefully-selected  questions  has  been  arranged,  in  the 
precise  order  of,  and  relating  solely  to,  the  subject  matter 
of  the  Lecture,  so  that  Teachers  and  Students  may  have  a 
minimum  of  trouble  in  finding  suitable  examples. 

Volume  I.  having  been  so  kindly  received,  and  having 
already  passed  into  a  Second  Edition,  it  has  been  con- 
sidered advisable  to  issue  this  Volume  in  time  for  the 
coming  session,  many  Teachers  having  expressed  a  wish 
to  have  the  continuation  of  the  work  at  once.  Later,  the 
Author  hopes  to  have  the  opportunity  of  still  further 
amplifying  and  extending  Part  VI. 

In  conclusion,  he  has  to  thank  many  of  his  old  Students 
and  friends  in  connection  with  the  production  of  the  work  ; 
more  especially,  for  the  help  which  he  received  from 
Mr.  Robert  M.  Anderson  with  Parts  I.  to  III.;  Mr.  John 
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H.  A.  Maclntyre  with  Part  IV.;  and  Mr.  John  Anderson 
■with  Part  V.  He  has  also  to  thank  Mr.  Alexander  H. 
Weddell  and  Mr.  John  S.  Nicholson  for  preparing  numerous 
■drawings,  and  the  various  firms  who  supplied  illustrations 
of  their  mechanical  appliances.  Finally,  he  has  received 
much  assistance  from  Mr.  David  A.  Ramsay,  Mr.  J.  Fred. 
Nielson,  and  Mr.  David  Robertson,  Jun.,  in  preparing  the 
manuscript  and  revising  the  proofs. 

Great  care  has  been  taken  to  avoid  errors,  but  if  any 
should  be  observed  by  readers,  the  Author  will  be  glad 
to  have  them  pointed  out,  and  to  receive  any  suggestions 
tending  to  increase  the  usefulness  of  this  book. 

ANDREW  JAMIESON. 


The  Glasgow  and  West  of  Scotland 
Technical  College. 
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MECHANICAL  ENGINEERING  SYMBOLS.  XXI 


MECHANICAL  ENGINEERING  SYMBOLS,  ABBREVIATIONS 

AND  INDEX  LETTERS 

USED   IN   VOLUMES   I.    AND  II. 

Op  Pbofessor  Jamieson's  "Applied  Mechanics." 


Prefatory  Note. — It  is  very  tantalising,  as  well  as  a  great 
inconvenience  to  Students  and  Engineers,  to  find  so  many 
different  symbol  letters  being  used  for  denoting  one  and  the 
same  thing  by  various  writers  on  mechanics.  It  is  a  pity, 
that  British  Civil  and  Mechanical  Engineers  have  not  as  yet 
standardised  their  symbols  in  the  same  way  that  Chemists  and 
Electrical  Engineers  have  done.  The  Committee  on  Notation 
of  the  Chamber  of  Delegates  to  the  International  Electrical 
Congress,  which  met  at  Chicago  in  1893,  recommended  a  set 
of  "Symbols  for  Physical  Quantities  aud  Abbreviations  for 
Units,"  which  have  ever  since  been  (almost)  universally  adopted 
throughout  the  world  by  Electricians.*  This  at  once  enables 
the  results  of  certain  new  or  corroborative  investigations  and 
formulae,  which  may  have  been  made  and  printed  anywhere, 
to  be  clearly  understood  anywhere  else,  without  having  to 
specially  interpret  the  precise  meaning  of  each  symbol  letter. 

In  the  following  list  of  symbols,  abbreviations  and  index 
letters,  the  first  letter  of  the  chief  noun  or  most  important 
word  has  been  used  to  indicate  the  same.  Where  it  appeared 
necessary,  the  first  letter  or  letters  of  the  adjectival  substantive 
or  qualifying  words  have  been  added,  either  as  a  following  or 
as  a  subscript  or  suffix  letter  or  letters.  For  certain  specific 
quantities,  ratios,  coefficients  and  angles,  small  Greek  letters 
have  been  used,  and  I  have  added  to  this  list  the  complete 
Greek  alphabet,  since  it  may  be  refreshing  to  the  memory  of 
some  to  again  see  and  read  the  names  of  these  letters,  which 
were  no  doubt  quite  familiar  to  them  when  at  school. 

•These  "  Symbols  for  Physical  Quantities  and  Abbreviations  for  Units" 
will  be  found  printed  in  full  in  the  form  of  a  table  at  the  commencement 
of  Munro  and  Jamieson's  Pocket-Book  of  Electrical  Rules  and  Tables.  If 
a  similar  recommendation  were  authorised  by  a  committee  composed  of 
delegates  from  the  chief  Engineering  Institutions,  it  would  be  gladly 
adopted  by  "The  Profession  in  the  same  way  that  the  present  work  of 
"  The  Engineering  Standards  Committee"  is  being  accepted. 
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SYMBOLS,   ETC. 


Table  of  Mechanical  Engineering  Quantities,  Symbols,  Units 

and  tueib  Abbreviations. 
(Ae  used  in  Vols.  I.  and  II.  of  Prof .  Jamieson's  "Applied  Mechanics.") 


Quantities. 

Symbols. 

Defining 
Equations. 

Practical  Units. 

Abbrev 

tions  of 

Practlc 

Units 

Fundamental. 

(Yard,    . 

yd 

Length,  . 

L,l 

... 

{Foot,    . 
(Inch,     . 

ft. 
in. 

Maw,      .        • 

Mtm 

... 

Pound, . 
1  Second, 
<  Minute, 
/  Hour,   . 

lb. 
s. 

Time,      . 

T,t 

••• 

m. 

h. 

Geometric. 

Surface,  . 

S,s 

8  =  1* 

f  Square  foot, . 
\  Square  inch, . 

sq.  ft. 
sq.  in. 

Volume, . 

V 

V=U 

/  Cubic  foot,    . 
\  Cubic  inch,  . 
'Degree, 
|  Minute, 

cb.  ft. 
cb.  in. 

r 

1' 

Angle,  ^1 

{£*} 

arc 
radius 

J  Second,          .         . 
1  Radian  = . 

r 

rn. 

Mechanical. 

L 

It 
s. 

Velocity, 

V 

Foot  per  second,  . 

v     e 

•  =  z  =  ? 

{  Revs,  per  second, . 

r.p.s. 

Angular  velocity,    . 

to 

)  Revs,  per  minute, 
/  Radians  per  second, 

r.p.m. 

m 

ft. 
S* 

Acceleration,  . 

a*  9 

V 

Foot  per  sec.  per  sec. 

Force,     •        .        .< 

F,f 

(  Pound    weight      1 
<      (gravitational    > 
(      unit),                  ) 

lb.  wt. 
(or  lb.) 

l 

W,w 

F=Ma 

(  Poundal  (absolute  \ 
\     unit),                  / 

pdl. 

Pressure  (per   unit\ 
area),                   J 

P 

F 

Pound  per  sq.  inch, 

lb.  a" 

Work,    . 

(Wh) 

Wh  =  FL 

Foot-pound, . 

ft.-ib. 

Potential  energy,    . 

EP 

EP=  Wh 

Foot-pound, . 

ft.-lb. 

Kinetio  energy, 

EK 

~        Wh 

Foot-pound, . 

ft. -lb. 

(  Horse  power, 

H.P. 

Power  or  activity,  . 

HP 

H.P.  =  -^ 

<  Ft. -lb.  per  min.,  . 

ft.-lb./m. 

(  Ft. -lb.  per  sec,     . 

ft.-lb./s. 

Moment  of  inertia, . 

I 

1=  MP 

... 

lb.-ft.a 

M 

V  Pound  per  cb.  ft., . 

lb. 

ft.8 

Density, . 

9 

P  =  F- 

] 

lb. 

/  Pound  per  cb.  in.,. 

in3 

SYMBOLS,   BTC. 
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OTHER  SYMBOLS  AND  ABBREVIATIONS  IN  VOLS.  I.  AND  II. 


A  for  Areas. 


eg. 
D,d 

Di,  D„  D8 


*»*■. 


B,  6  „  Breadths. 
C,  c,  k  ,,  Constants,  ratios. 
,  Centre  of  gravity. 
,  Diameters  depths,  de- 

fleotions. 
,  Drivers  in  gearing. 
,  Modulus  of  elasticity. 
,  Velocity  ratio  in  wheel 
gearing. 
Followers  in  gearing. 
Forces    of    shear   and 

tension. 
Heights,  heads. 
Horse-power. 
Brake  horse-power. 
Effective       „ 
Indicated     „ 

!  Radius  of  gyration,  or, 
Coef .  of  discharge  in 
hydraulics. 
,  Numbers — e.g.,   num- 
ber of  revs,  per  min  , 
number  of  teeth,  &c. 
,  Push  or  pull  forces. 
,  Reactions,    resultants, 
radii,  resistances. 

!  Seconds,  space,  sur- 
face. 
Displacement,    dis  - 
tance. 
,  Shearing  force. 
Torsional  moment. 
Torsional  resistance. 
-_  „  Bending  moment. 
MR  „  Moment  of  resistance. 
R  M  „  Resisting  moment. 
Td,  T,  ,,  Tensions    on    driving 
and    slack    sides   of 

Vtr     xxr     nr  ^eltB  OF  ^P68*  &C- 

W^  WT,  Wtf  „  Lost,  total,  and  useful 

work.  | 


H,* 

H.P.,  h.p. 

B.H.P. 

E.H.P. 

I.H.P. 

*„ 

£>$  ■ 


SF 
TM 
TR 
BM 


x,  y,  z  for  Unknown  quantities. 
Z  ,,  Modulus  of  section. 
Z<  ,,  ,,  tension. 

Zo  ,,  „  compression. 


A,  d,  d  for  Differential  signs  which  are 
prefixed  to  another  letter; 
then  the  two  together  re- 
present a  very  small 
quantity. 
«,  e  „  Represents  base  of  Naperian 
Logs=27182;  for  example, 
log.  8  =  1-1. 

Efficiency. 

Length  ratio  of  ship  to  model. 

Coefficient  of  friction. 

Circumference  of  a  circle -fits 
diameter. 

Radius  of  curvature,  radian. 


2  for  Symbol  for  sum  total  of  a 
number  of  quantities. 

f*  »  Sign  of  integration  or  sum- 
mation between  limits  0 
and  x. 

**  „  Sign  for   the  difference  be- 
tween two  quantities. 
Q   „  Sign  for  square— e.  p.,  10  d"= 
10  square  inches. 

—  „  Sign  over  two  letters,  PQ^ 
for  a  force  acting  from  P 
to-^Q,  means  that  they 
represent  a  vector  quantity, 
which   has   (1)   magnitude, 

(2)  direction,  (3)  sense. 

y  „  Sign  for  equal  to  or  greater 

than. 

^  „  Sign  for  equal  to  or  less  than. 


A 
B 

r 

A 
E 
Z 
H 

e 


ft 

€ 
I 

n 
e 


Alpha. 

Beta. 

Gamma. 

Delta. 

Epsilon. 

Zeta. 

Eta. 

Tbeta. 


GREEK    ALPHABET. 

I 

K 

A 

M 

N 

8 

O 

II 


i 

Iota. 

P 

K 
\ 

Kappa. 
Lambda 

2 
T 

A* 

Mu 

Y 

V 

Nu 

* 

£ 

Xi. 

X 

o 

Omicron. 

¥ 

IT 

Pi. 

o 

p 

Rbo. 

<r  or 

*  Sigma. 

T 

Tau. 

U 

Upsilon. 

<P 

Phi. 

X 

Chi. 

* 

Psi. 

Ctf 

Omega. 
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PART  III.-MOTION  AND  ENERGY.-PRACTICAL 
APPLICATIONS  TO  GOVERNORS,  FLYWHEELS, 
AND  CENTRIFUGAL  MACHINES. 


LECTURE    XI 

Contents.  —  Definitions  —  Motion  —  Velocity  —  Acceleration  —  Graphical 
Methods— Velocity  Diagrams — Falling  Bodies — General  Formulae — 
Rotation — Angular  Velocity — Circular  Measure — Angular  Accelera- 
tion—  Comjmsition  and  Resolution  of  Velocities  —  Parallelogram  of 
Velocities — Triangle  of  Velocities— Polygon  of  Velocities— Rectangular 
Resolution— Composition  and  Resolution  of  Accelerations — The  Hodo- 
graph— Hodograph  for  Motion  in  a  Circle — Examples  I.,  II.,  III., 
and  IV.— Instantaneous  Centre — Varying  Velocities— Questions. 

Definition.— A  body  is  said  to  be  in  Motion  when  it  is  con- 
tinually changing  its  position  in  space,  and  to  be  at  Rest  when 
it  retains  a  fixed  position  in  space. 

These  are  the  definitions  of  absolute  motion  and  absolute  rest 
We  can  never  know  the  absolute  motion  of  any  body  because 
we  know  no  fixed  bodies  to  which  we  may  refer  its  positions  at 
different  times.  We,  therefore,  can  only  deal  with  the  relative 
motion  of  a  body. 

Definition.— A  body  is  said  to  have  Relative  Motion  with 
respect  to  another  body  when  it  is  continually  changing  its  posi- 
tion relatively  to  that  body. 

Thus,  take  the  case  of  a  train  moving  on  a  railway.  We  always 
consider  its  motion  relatively  to  some  part  of  the  earth's  surface. 
But  the  train  is  carried  round  the  earth's  axis  and  also  round  the 
sun  by  the  rotation  of  the  earth  itself.  And  this  is  not  all,  for  we 
have  reason  to  believe  that  the  sun  itself  is  not  fixed  in  Bpace  but 
is  in  motion.  A  passenger  in  the  train  might  be  at  rest  relative 
to  the  train  but  he  would  be  in  motion  relatively  to  the  houses, 
trees,  &c.,  which  the  train  passed  on  its  way. 

Motions  of  Translation  and  Rotation. — The  motion  of  a  body 
may  be  either  Translator*/  or  Rotary. 
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A  body  is  said  to  have  a  motion  of  simple  translation  when  all 
points  in  the  body  move  with  the  same  velocity  and  in  the  same 
direction  at  the  same  instant,  so  that  no  line  in  the  body  changes 
its  direction.  Hence,  the  motion  of  the  whole  body  is  known 
when  that  of  any  point  in  it  is  known. 

A  body  is  said  to  have  a  motion  of  simple  rotation  when  the 
various  points  in  the  body  describe  circles  about  some  fired  axis 
either  within  or  without  the  body.  Hence,  the  motion  of  the 
whole  is  known  when  that  of  any  line  in  the  body  (other  than  the 
axis  about  which  the  motion  takes  place)  is  known. 

The  motion  of  a  body  may  be  complex;  being  composed  or 
compounded  of  motions  of  translation  and  rotation.  Thus,  the 
connecting-rod  of  an  engine  has  a  complex  motion.  It  has  a 
motion  of  translation  in  a  vertical  plane  containing  the  centre  line 
of  the  engine,  and  a  motion  of  rotation  in  the  same  plane  about 
the  crosshead  pin. 

Definition.— The  Path  of  a  moving  point  is  the  line,  straight 
or  carved,  which  passes  through  all  the  successive  positions  of 
the  point. 

Direction  of  Motion. — The  direction  of  motion  of  a  body  is,  at 
any  particular  instant,  the  tangent  to  the  path  of  the  body  at  that 
instant,  or  the  path  itself  if  the  motion  is  rectilinear. 

Thus,  let  A  B  be  the  path  of  a 
moving  body.  When  the  body 
occupies  the  position,  P,,  its  direc- 
tion of  motion  is  along  Fv  Tv  the 
tangent  to  the  path  at  that  point. 
Similarly,  when  the  body  occupies 
II  the   position  Pp  its  direction  of 

ILLUSTRATING  DIRECTION  0*  "^  »  *™*  *•  tangent  P„  T,. 

Motion.  Hence,  when  a  body  moves  in 

a  circular  path  its  direction  of 
motion  at  any  instant  will  be  perpendicular  to  the  radius  drawn 
to  its  position  on  the  circle  at  that  instant 

Definition.— The  Velocity  of  a  body  is  the  rate  at  which  it 
changes  its  position. 

A  velocity  is  completely  specified  when  we  know  (1)  its  direc- 
tion, and  (2)  its  magnitude. 

Hence,  a  velocity  can  be  completely  represented  by  a  straight 
line  of  finite  length  with  a  suitably-directed  arrow  head. 

Definition.  —  A  body  is  said  to  be  moving  with  Uniform 
Velocity  when  it  is  moving  in  a  constant  direction  and  passes 
over  equal  distances  in  equal  intervals  of  time,  however  small 
these  may  be. 
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The  last  clause  in  the  above  definition  is  necessary,  because  a 
body  miglU  describe  equal  distances  in  equal  times,  and  yet  its 
motion  might  not  be  uniform.  Thus,  a  train  may  describe  20 
miles  in  each  of  two  consecutive  hours,  and  yet  its  motion  may 
have  varied  continuously  during  that  time ;  sometimes  its  velocity 
may  be  60  miles  an  hour,  and  at  other  times  it  may  be  nil 

Uniform  Velocity,  how  Measured. — When  uniform,  the  velocity 
of  a  body  is  measured  by  its  displacement  in  unit  time.    Thus:— 

Velocity  =  "^y*. 

Definition. — A  body  is  said  to  have  Unit  Velocity  when  it 
describes  unit  distance  in  unit  time. 

The  unit  of  distance  in  this  country  is  the  foot,  and  the  unit 
of  time  is  usually  the  second,  although  engineers  often  take  the 
minute,  or  even  the  hour,  as  the  unit  of  time.  For  example,  the 
speed  of  a  railway  train  is  always  spoken  of  as  so*  many  miles  per 
hour,  and  that  of  the  piston  of  an  engine  as  so  m&ny  feet  per  minute. 

Whatever  units  may  be  used,  we  get : — 


8  =  Vt    J 


(I) 
Or, 

Where,        s  =  Displacement,  or  distance  described,  in  time,  t. 
And,  v  =  Velocity,  supposed  to  be  uniform. 

*  [  From  the  above  definition  and  equation  it  is  evident  that  v 
must  be  the  same  however  small  t  may  be.  Thus,  let  the  dis- 
placement be  very  small,  say  A  8,  then  the  time  taken  to  describe 
it  will  be  correspondingly  small,  say  A  t,  and  we  get : — 

A* 
•-   A!' 

This  being  true  for  the  smallest  fraction  of  time,  it  must  also  be 
true  in  the  limit. 

"  =  <"         \ (II)] 

Or,  d8  =vdt      ) 

Definition.— A  body  is  said  to  be  moving  with  Variable 
Velocity  when  it  is  either  changing  its  direction  of  motion  or 
passing  over  unequal  distances  in  equal  intervals  of  time. 

*  Students  who  have  no  knowledge  of  the  notation  of  the  Calculus,  and 
those  merely  reading  for  examination  in  the  Advanced  Stage  of  this  sub- 
ject, may  omit  for  the  present  the  text  within  the  brackets,  thus  [  J. 
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From  this  definition  it  appears  that  a  body  has  a  variable  velocity 
when  the  direction  or  magnitude  of  its  velocity  is  variable.  Thus, 
a  point  on  the  rim  of  the  flywheel  of  an  engine  has  a  variable 
velocity  whether  the  rotary  motion  of  the  wheel  be  uniform  or  not 

This  follows  at  once  from  the  fact  that  a  velocity  is  only  com- 
pletely specified  when  we  know  its  direction  and  magnitude,  and 
a  change  in  either  the  direction  or  in  the  magnitude  causes  a 
change  in  the  velocity.  It  is  usual,  however,  in  most  problems, 
to  speak  of  the  velocity  as  being  uniform  or  variable,  according 
as  the  magnitude  of  the  velocity  is  uniform  or  variable. 

Variable  Velocity,  how  Measured. — When  variable,  the  velocity 
of  a  body  is  measured  at  any  particular  instant  by  the  displace- 
ment which  the  body  would  have  received  if  it  moved  for  a  unit 
of  time  with  the  same  velocity  which  it  had  at  the  instant 
under  consideration. 

Thus,  we  see  a  train  approaching  a  station  and  say  that  its 
velocity  is  10  miles  an  hour,  although  we  at  the  same  time  observe 
that  its  velocity  is  diminishing  rapidly,  and  will  soon  be  zero.  By 
the  expression  "  10  miles  an  hour "  we,  therefore,  do  not  mean 
that  it  will  run  10  miles  during  the  next  hour,  but  simply  that  if 
the  train  continued  to  run  for  one  hour  with  the  same  speed  that 
it  had  at  the  instant  the  remark  was  made,  it  would  travel  a 
distance  of  10  miles. 

Average  Velocity. — When  the  velocity  of  a  body  is  variable, 
and  we  know  its  magnitudes  for  several  positions  of  the  body,  then 
its  average  velocity  can  be  found  in  the  same  way  as  we  find  the 
average  of  a  series  of  numbers. 

Thus,  let  vv  v2,  v8 vn  denote  the  velocities  at  n  different 

points  in  its  path ;  then  : — 

Average  velocity  =  v  -  ?*  *  p»  +  v»  + +  v*. 


Or  it  may  be  defined  as  follows : — 

Definition.— When  a  body  moves  through  a  certain  distance 
with  a  variable  velocity,  its  average  velocity  is  that  uniform 
velocity  which  it  would  require  to  have  in  order  to  traverse  the 
same  distance  in  the  same  time. 

Therefore,  -  ■     #      i  n  \ 

(I«) 


1} 

vt  ) 


Or, 

If  the  velocity  increase  or  decrease  uniformly,  then  the  mean  or 
average  velocity  is  half  the  sum  of  the  initial  and  final  velocitiea 

Or,  V-U-L±A (Ill) 
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Where  vx  and  v2  denote  the  initial  and  final  velocities 
respectively.     (See  end  of  this  Lecture  for  a  Graphic  Method.J 

Definition.— The  acceleration  of  a  body  is  its  rate  of  change 
of  velocity. 

Acceleration  may  be  either  uniform  or  variable. 

Definition.— Acceleration  is  uniform  when  equal  changes  of 
velocity  take  place  in  equal  intervals  of  time,  however  small 
these  may  be. 

Otherwise,  the  acceleration  is  variable. 

Acceleration,  how  Measured. —Uniform  acceleration  is  measured 
by  the  change  in  the  velocity  in  a  unit  of  time. 

Variable  acceleration  is  measured  at  any  particular  instant  by 
what  would  be  the  change  of  velocity  in  a  unit  of  time,  on  the 
supposition  that  during  that  unit  of  time  the  acceleration  remained 
the  same  as  at  the  instant  under  consideration. 

If  the  student  thoroughly  understands  the  method  of  measuring 
a  variable  velocity,  he  should  have  no  difficulty  in  perceiving  from 
the  above  statement  how  variable  acceleration  is  measured. 

Uniformly  Accelerated  Motion.  —  We  shall  now  deduce  the 
ordinary  formulae  for  the  motion  of  a  body  uniformly  accelerated 
in  its  line  of  motion. 

Let  vx  =  Velocity  of  body  at  end  of  time  tv 

99      v2   =         .    »  >»  »  ^2» 

„      8  =  Distance  described  during  interval  (t2  -  ^), 
„     a  =  Acceleration  per  unit  time. 

Then,  Change  of  velocity  =  v2 

v 
Bate  of  change  of  velocity  =  -~- 


But,    Bate  of  change  of  velocity  =  acceleration, 

a  =  f— pL. 
i2  -  ti 

Or,  denoting  the  interval  of  time  (t2  -  tj  by  t,  we  get : — 

*[....     (IV) 

Or,  v2  =  vx  +  a  t  ) 

That  is:— Final  Velocity  =  Initial  Velocity  +  Change  of  Velocity. 
Again,  since  the  acceleration  is  uniform,  we  get : — 

Average  velocity  =  -^-5 — - 
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,  =  Vl  +  V%  x  t. 
But>  v2  =  vl  +  at, 

Or,  8=vxt  +  iat8. (V) 

In  many  problems  the  time,  I,  is  not  given,  and  we  require  to 
find  one  of  the  four  quantities,  8,  a,  vv  vv  having  given  the  other 
three.  From  equations  (IV)  and  (V)  the  following  relation 
between  these  quantities  can  easily  be  deduced  by  eliminating  L 
Thus  :— 

From  equation  (IV),   a  =  — - — 1 , 

t 

From  equation  (V),      s  =  -!-= — 8  x  t 

Multiplying  together  the  corresponding  sides  of  these  equations 
and  equating  the  products,  we  get: — 


2     ' 
v\  -  v\  =  2a 8 


as 2 


*  =  2a8  X (VI) 

Or,  vl  =  v\  +  2a8)  v      ' 

The  above  formulae  are  true  for  all  cases  of  uniformly  increasing 
or  uniformly  decreasing  velocity ;  but  in  the  latter  case,  the  acceler- 
ation will  be  negative,  and  a  must  be  preceded  by  the  minus 
sign.* 

If  the  body  start  from  rest,  that  is,  if  the  time,  t>  be  reckoned 
from  the  commencement  of  the  motion,  then,  the  initial  velocity, 
vx  =  0,  and  we  get,  from  the  above  equations  : — 

v  =  at (IVfl) 

8  =  tat* (V.) 

v*  =  2as (VIfl) 

Where  v  =  velocity  at  end  of  time,  t.\ 

*  There  is  no  need  for  deducing,  or  even  stating,  the  corresponding 
formula  when  the  acceleration  is  negative.  The  fewer  formula  to  oe  com- 
mitted to  memory  the  better,  and  the  student  should  learn  to  distinguish 
between  positive  and  negative  (increasing  or  decreasing)  acceleration  as 
indicated  by  difference  in  sign,  and  to  supply  the  proper  sign  where 
necessary. 

+  The  general  formulas  (IV),  (V),  and  (VI)  should  be  used  in  all  cases. 
When  the  body  starts  from  rest,  substitute  Vi  =  0. 
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Graphical  Methods. — Equations  (III)  and  (IV)  can  be  very 
easily  represented  by  means  of  a  diagram.  We  may  here  remark 
that  diagrams  of  velocities,  accelerations,  <fec,  are  very  useful  in 
assisting  the  student  to  answer  many  problems  on  the  motion  of  a 
body,  and  in  what  follows  we  shall  have  several  instances  of  their 
use  when  dealing  with  the  moving  parts  of  engines.  Before 
explaining  the  following  diagrams,  it  is  necessary  to  remind  the 
student  that  a  velocity,  or  an  acceleration,  can  be  completely 
represented  by  a  straight  line.  We  have  already  seen  that  a 
velocity  may  be  represented  by  a  finite  straight  line.  But  an 
acceleration  is  a  change  of  velocity  per  unit  time.  Hence,  an 
acceleration  may  also  be  represented  by  a  finite  straight  lina  In 
the  meantime,  we  are  not  concerned  with  the  direction  of  the 
velocity  or  acceleration,  so  that  the  lines  representing  these  may 
be  drawn  in  any  convenient  direction. 

Velocity  and  acceleration  diagrams  are  constructed  in  a  way 
similar  to  those  representing  work,  viz.,  by  drawing  two  axes  at 
right  angles,  along  which  the  velocities  or  accelerations  and 
intervals  of  time  may  be  plotted. 

Diagram  for  Uniform  velocity. — Let  v  =  velocity,  supposed  to 
be  uniform,  and  t  =  time.      Draw 

the  line   A  B,   along  which    inter-     y^s^^^&sm^ 
vale   of  time   have    to   be  plotted.      i  j  |§  ^ 

Thus,   let  A  B  represent  L     From      3  j  £  § 

A,  set  up  AC  at  right  angles  to 
A  B,  and  let  A  C  represent  the 
velocity,  v.  Complete  the  rectangle 
A  B  D  C.  Then,  clearly,  the  area 
of  A  B  D  C  represents  the  dis- 
placement during  the  time,  U 
Thus:— 

Displacement  =  8  =  v  t 
-  area  A  B  D  C. 


r 


hi „ 

I*—  —  -Tu**lm»  -— — — «) 

Diagram  fob  Uniform 
Velocity. 

The  area,  ABDC,  represents 
the  displacement  in  time,  t. 


Diagram  for  Uniformly  Increasing  Velocity.  —  Let  a  -  the 
acceleration,  and  v  =  velocity  at  the  end  of  time,  t ;  the  initial 
velocity  being  zero.  As  before,  let  A  B  represent  the  interval  of 
time,  4.  At  B,  the  end  of  interval  t,  draw  B  0  to  represent  v,  and 
join  A  C.  Then,  as  before,  the  area  of  triangle  ABC  represents 
the  displacement  during  time,  t ;  since, 

Displacement  =  8  =  mean  velocity  x  time  =  jt  v  x  t 
„  -JBCxAB»  area  ABO. 

The  velocity  at  any  other  time  can  be  found  by  drawing  the 
ordinate  from  the  point  on  AB  representing  the  given  instant, 
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Thus,  suppose  A  B  represents  4  seconds.     Then,  the  velocity  at 
the   end   of  3   seconds   from    the   beginning   of  the    motion   is 

represented  by  the  ordinate  3  F. 
Similarly,  at  the  end  of  the  6rst 
second,  the  velocity  is  represented 
by  the  ordinate  1  D.  But  in  this 
case,  the  velocity  at  the  end  of  the 
first  second  is  a  measure  of  the 
acceleration ;  therefore,  1  D  repre- 
sents the  acceleration. 

If  the  acceleration  be  given 
instead  of  the  final  velocity,  v,  then 
the  diagram  can  be  set  out  in  the 
following  manner : — 

Let  A  1  represent  a  unit  of  time. 
Draw  1  D  at  right  angles  to  A  B 
to  represent  the  acceleration,  a. 
Then  A  C  is  the  velocity  line. 
From  this  it  will  be  seen  that 
v  =  B  0  =  a  t 


1  2  3  % 

* t — 1 

Diagram  for  Velocity  In- 
creasing  Uniformly  from 
0  to  v. 

The  area,  ABC,   represents 
the  displacement  in  time,  t. 

8  =  i  V  U 


Join  A  D  and   produce   it 


AU- 1- -mB 

Diagram    for    Velocity    In- 
creasing   Uniformly   from 

Vx   TO  Vj. 

The  area,  A  B  D  C,  represents 
the  displacement  in  time,  t. 
«  =  »!*+  iat\ 


8  =  $al* 
=  \at  x  t 
=  JBC  x  AB 
=  area  ABC. 

If  the  body  does  not  start  from 
rest  let  the  initial  velocity  be  vv 
and  the  final  velocity,  v%.  Then, 
at  each  end  of  A  B,  the  line 
representing  t,  draw  the  ordinates 
A  C  and  B  D  to  represent  t?1  and 
v2  respectively,  and  join  C  D. 


Here,  Displacement  =  e  =  \  (vx  +  v2)  x  t  =  \  (A  C  +  B  D)  x  A  B 

„  =areaABDC. 

Also,  ED  =  CJtange  of  velocity  in  time,  t  =  at. 

And,  BD  =  BE  +  ED=v1  +  a«. 


*  =  \  (vx  +  vx  +  a  t)  x  t  =  vx  t  +  \  a  A 

We  have  not  drawn  the  corresponding  diagrams  for  the  case 
when  the  acceleration  is  negative,  but  the  student  should  have 
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no  difficulty  in  doing  this  for  himself.  Thus,  when  a  is  nega- 
tive, the  last  diagram  would  be  drawn  with  the  velocity  line 
sloping  in  the  opposite  direction. 

Motion  Dae  to  Gravity. — The  most  familiar  instance  of  uniformly 
accelerated  motion  is  that  of  a  body  falling  under  the  influence  of 
gravity.  Experiments  show  that  if  a  body  be  allowed  to  fall  freely 
in  vacuo  its  motion  will  be  uniformly  accelerated,  and  this  acceler- 
ation is  the  same  for  every  body  (large  or  small,  heavy  or  light)  at 
the  same  locality.  The  letter  g  is  always  used  to  denote  this 
acceleration.  Its  value  depends  on  the  distance  of  the  falling 
body  from  the  centre  of  mass  of  the  earth,  and  varies  inversely  as 
the  square  of  this  distance.  Hence,  g  is  different  at  different 
latitudes,  being  greatest  at  the  poles  and  least  at  the  equator. 
When  the  units  of  distance  and  time  are  the  foot  and  the  second, 
the  value  of  g  at  the  poles  is  about  32*255,  and  32-091  at  the 
equator.  Its  value  at  the  sea  level  in  the  latitude  of  London  is 
about  32-19,  and  is  generally  taken  at  32  2  for  any  place  in  the 
British  isles. 

Formulae  for  the  motion  of  bodies  under  the  action  of  gravity 
alone  are  derived  from  those  previously  given  for  uniformly 
accelerated  motion  by  substituting  g  for  a.     Thus: — 

(I)  When  let  fall  without  initial  velocity. 

v-gt (IV6) 

8~\gt* (V,) 

v*  =  2gs (VI6) 

(II)  When  let  /all  toith  initial  velocity,  «,. 

Vt  =  v1  +  gt (IV,) 

8  =  V1t  +  iff  f* (V„) 

v\  =  vl  +  2gS (VI.) 

If  the  body  is  thrown  upwards  with  an  initial  velocity,  vv  then 
the  acceleration  due  to  gravity  will  be  in  the  opposite  direction  to 
that  of  the  motion ;  consequently,  we  must  make  either  vY  or  g 
negative,  according  as  we  consider  the  downward  or  the  upward 
direction  to  be  positive.  In  such  a  case  it  is  usual  to  make  g 
negative.  The  rule  usually  observed  is  to  take  the  acceleration 
positive  or  negative  according  as  the  motion  is  increased  or 
decreased. 

[General  Formulae  for  Linear  Motion. — We  have  already  seen 
that  the  velocity  of  a  body  is  expressed  generally  as :— 

»-24 
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We  can  now  give  similar  expressions  for  the  acceleration  when 
this  varies  according  to  any  law  whatever.  Thus,  at  any  instant 
of  time  let  the  velocity  of  the  body  be  v,  and  at  the  end  of  an 
interval  of  time,  A  t,  let  it  be  v  +  A  v,  then  : — 


Acceleration  =  — =^-2 . — _ £ 

Time  required 

(v  +  Av)  -  v       Av 
At             "  At' 

This  being 
in  the  limit, 

true, 
hence 

however  small  A  t  may  be,  it  is,  therefore,  true 

dv 

But, 

da 
V°-d? 

•  • 

n         dV          (1*8                                              m-TTNl 

Body  Rotating  about  an  Axis.— Angular  Velocity.— We  have 
already  said  that  the  motion  of  a  body  rotating  about  an  axis  is 

completely  known  when  that  of  any 
line  in  the  body,  other  than  the  axis 
of  rotation,  is  known.  It  is  most 
convenient  to  take  this  line  passing 
through  the  axis,  and  perpendicular 
to  it  Thus,  let  O  be  the  intersec- 
tion of  the  axis  with  the  plane  of  the 
paper,  O  P  a  line  in  the  body  per- 
pendicular to  the  axis  through  O. 
Then  the  motion  of  the  body  is 
known  when  that  of  the  line  0  P 
iB  known.  The  motion  of  the  line 
O  P  is  measured  by  the  angle  which 
it  describes  round  the  point,  O,  in  unit  time.  This  angle  is 
then  spoken  of  as  the  angular  velocity  of  the  body.  Hence 
the  following : — 

Definition.— The  angular  velocity  of  a  body  about  an  axis  is 
the  rate  of  the  angular  displacement  of  any  line  in  the  body 
perpendicular  to  that  axis. 

Angular  velocity,  like  linear  velocity,  may  be  either  uniform  or 
variable,  according  as  equal  or  unequal  angles  are  described  in 
equal  intervals  of  time. 


to  illustrate  angular 
Velocity. 


ANGULAR  VELOCITY.  11 

Uniform  Angular  Velocity. — Let  the  ceutre  line,  OP,  of  the 
crank  in  the  above  figure  sweep  out  the  angle,  A  O  P  =  0,  in  the 
interval  of  time,  t ;  then  the  angular  velocity  of  the  body  (usually 
denoted  by  the  Greek  letter  «)  is  : — 

•-{ (viii) 

The  angle,  0,  is  measured  in  circular  unite,  and  not  in  degrees. 
The  unit  angle  in  circular  measure  is  called  the  radian,  and  may 
be  defined  as  the  angle  subtended  at  the  centre  of  a  circle  by  an  arc 
of  its  circumference,  equal  in  length  to  the  radius  of  tJie  circle. 
Hence,  if  t  is  in  seconds,  the  unit  of  angular  velocity  will  be  the 
radian  per  second. 

Since   the   length   of   the  arc   subtending   a   right  angle  is 

o  x  r>  aQd>  therefore,  the  circular  measure  of  a  right  angle  equal 
to  o  radians,  we  may  easily  determine  the  number  of  degrees  in  a 
radian.     Thus : — 
Degrees  in  1  radian  :  Degrees  in  1  right  angle  =  1  :  ^. 

90        180 
Degrees  in  1  radian  =  —  =  =  57-29. 

*        O'lilO 

2" 

In  general,  if  p  be  radians  or  the  circular  measure  oi  an  an^le 
of  0°,  then : — 

Since,  90*  :  0°  : :  |  :  />, 

We  get,  p  mm  jgg  radians. 

Hence,  if  the  angle  described  in  time,  t,  by  OP,  be  0°,  we  get : — 

"-IS5T      •   •    •    •    (VIII*> 

When  the  linear  velocity  of  any  point,  P,  in  the  body,  and  its 
distance  from  the  axis  are  known,  the  angular  velocity  of  the  body 
can  be  found.     Thus : — 

Let      v  =  Component  of  linear  velocity  of  P  perpendicular  to 
O  P  (see  the  previous  figure). 
„        r  =  Radius,  O  P. 
Then,  v  =  Arc  described  by  P  in  unit  time. 

•*•        —  =  Circular  measure  of  angle  described  by  O  P  in  unit 
r  time. 


v  =  «r  J 
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(IX)* 

Or, 

Variable  Angular  Velocity.— Angular  Acceleration.— When  the 
angular  velocity  is  variable,  it  is  measured  in  a  way  similar  to 
that  of  variable  linear  velocity. 

[Let  Ad  =  small  angle  described  by  O P,  in  small  interval  of 
time,  A  t ;  then  we  have  : — 

At 

which,  in  the  limit,  becomes  : — 

"n <x,l 

Definition. — The  angular  acceleration  of  a  rotating  body  is  the 
rate  of  change  of  its  angular  velocity. 

Angular  acceleration  may  be  either  uniform  or  variable  accord- 
ing as  equal  changes  of  angular  velocity  take  place  in  equal  or 
unequal  intervals  of  time.  When  uniform,  angular  acceleration  is 
measured  by  the  increase  or  decrease  of  angular  velocity  per  unit 
time. 

Let  ax,  «2  =  Angular  velocities  at  the  beginning  and  end  of 

interval  of  time,  t. 
*>      &v  ^2  =  Angular  displacements  at  the  beginning  and  end 

of  interval  of  time,  U 
„  a  =  Angular  acceleration. 

Then,  -S'-rM (xi) 

Or,  w2  =  ui  +  a  t' 

From  these  equations  and  those  previously  deduced  for  uniformly 
accelerated  linear  motion,  the  student  will  notice  the  similarity  of 
the  relations  between  the  terms  *,  v,  and  a,  and  4,  «,  and  a  respec- 
tively. 

Hence,  we  get  the  remaining  and  corresponding  equations  for 
rotary  motion,  viz. : — 

l-^t  +  lat" (XII) 

«J  =  *J  +  2  a  0 (XIII) 

*  It  is  sometimes  convenient  to  speak  about  the  angular  velocity  of  a 
point,  such  as  P  in  the  foregoing  figure.     Such  a  phrase  is  not  strictly 
correct,   and  when  used,  it  should   be  understood  to  mean  the  angle  • 
described  in  unit  time  by  the  radius  drawn  through  the  point,  P. 


COMPOSITION   OF  VELOCITIES. 
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[Generally,  we  have : — 


di 


(P6 

dP 


(XIV)] 


Composition  and  Resolution  of  Velocities. — A  moving  body  may 
have  at  any  instant  two  or  more  velocities  in  different  directions, 
and  it  then  becomes  an  important  problem  to  be  able  to  determine 
the  resultant  velocity,  both  in  magnitude  and  in  direction.  Thus, 
the  magnitude  and  direction  of  the  motion  of  a  man  who  walks 
across  the  deck  of  a  moving  ship  is  different  from  that  of  the 
ship  and  also  from  that  of  his  motion  relative  to  the  deck. 
Similarly,  the  motion  of  a  point  on  the  rim  of  a  carriage  wheel 
in  motion  is,  in  general,  different  in  magnitude  and  direction  from 
its  circular  motion  about  the  axle,  and  also  from  the  onward 
motion  of  the  wheel  as  a  whole. 

The  process  of  finding  a  single  velocity  equivalent  in  effect  to 
two  or  more  velocities  is  called  the  Composition  of  Velocities. 

The  process  of  finding  two  or  more  velocities  equivalent  in 
effect  to  a  single  velocity  is  called  the  Resolution  of  Velocities. 

Definitions.— The  single  velocity  which  is  equivalent  to  two 
or  more  velocities  is  called  their  Resultant,  and  these  two  or  more 
velocities  are  called  the  Components. 

Parallelogram  of  Velocities. — If  two  component  velocities  be 
represented,  in  magnitude  and  direction,  by  two  adjacent  sides, 
O A,  OB,  of  a  parallelogram,  their  resultant  velocity  will  be 
represented  by  the  diagonal,  O  D,  through  their  intersection. 

Thus,  if  a  moving  point,  O,  possess  simultaneously  two  velocities, 
P  and  Q,  in  directions  O  A  and 
O  B  respectively,  and,  if  O  A  and 
O  B  represent  the  magnitudes  of 
these  velocities,  their  resultant  velo- 
city, R>  will  be  represented  both 
in  magnitude  and  in  direction  by 
the  diagonal,  O  D,  of  the  parallelo- 
gram constructed  on  0  A,  and  O  B, 
as  adjacent  sides. 

Let  4  =  angle    between    the    directions  of   the   velocities,   P 
and  Q. 

„  a  =  ^  A  O  D,  and  jS  =  ^ BOD,  the  angles  between  the 
direction  of  the  resultant,  R,  and  the  components 
P  and  Q  respectively. 


Component 

Parallelogram  Law. 


14  LECTURE  XX. 

Then  the  student  may  easily  prove  from  Euclid  II.,  13  and  14, 
or  by  trigonometry,  that : — 

R«  =  P*  +  Q2  +  2  P  Q  COS  &       .     .     .     (XV) 

a    j  j.  Qsin* 

And,  tan  a  =  -  x  ^ . 

'  P  +  Q  cos  0 


Or,  tan/s 


_   .    A      , (XVI) 

Pain*      '  v        ' 


Q  +  P  cos  0 

From  these  equations  the  magnitude  and  direction  of  the  resul- 
tant velocity  can  be  calculated. 

It  is  not  necessary  to  complete  the  parallelogram  as  explained 
above,  it  being  quite  sufficient  to  draw  but  one-half  of  the  6gure. 
Thus,  A  D  is  equal  and  parallel  to  O  B ;  hence,  as  much  can 
be  determined  from  the  triangle,  O  AD,  as  from  the  complete 
parallelogram,  O  A  D  B. 

Triangle  of  Velocities. — If  two  component  velocities  be  repre- 
sented in  magnitude  and  direction  by  two  sides  of  a  triangle  taken 
in  order,  their  resultant  will  be  represented  in  magnitude  and 
direction  by  the  third  side  taken  in  the  reverse  direction. 

Hence,  if  there  be  simultaneously  impressed  on  a  point  three 
velocities  represented  in  magnitude  and  direction  by  the  sides  of  a 
triangle  taken  in  order,  then  the  point  will  remain  at  rest.* 
Polygon  of  Velocities. — If  several  component  velocities  be  repre- 
sented by  all  but  one  of  the  sides  of  a 
polygon,  ABODEF,  taken  in  order 
—the  resultant  velocity  will  be  repre- 
sented in  magnitude  and  direction  by 
the  remaining  side,  A  F,  taken  in  the 
opposite  direction. 


Thus,  if  a  moving  point  have  simul- 
taneously impressed  upon  it  velocities, 
vv  Vp  •  •  ffi,  and  these  are  represented 
in  magnitude  and  direction  by  the  sides 
AB,  BC,  .  .  .  EF  of  a  polygon, 
«  B  ABODEF,  then  the  resultant  velo- 

Polygon  op  Velocities.     cit7  wil1  be  represented  in  magnitude 
and    direction    by   the    side,    A  F,    re- 
quired to  complete  the  polygon. 

*  In  setting  out  the  Parallelogram,  or  Triangle  of  Velocities,  it  is  not 
necessary  to  draw  the  aides  parallel  to  the  velocities  represented.  The 
sides  may  be  drawn  in  directions  perpendicular  to  the  respective  velocities, 
or,  indeed,  at  any  other  angle,  so  long  as  the  angle  is  the  Bame  for  all  the 
sides.  In  such  cases  the  line  representing  the  resultant  will  be  equally 
inclined  to  Its  true  direction.  These  several  proofs  are  applicable,  in  the 
same  way,  to  the  Parallelogram,  Triangle,  and  Polygon  of  Statical  Forces, 
as  explained  in  my  Elementary  Manual  on  Applied  Mechanic*. 


polygon  of  Velocities. 
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If  the  figure  whose  sides  represent  the  component  velocities  be 
closed  or  completed  when  the  last  velocity  has  been  represented, 
then  there  is  no  resultant  velocity,  and  the  point  will  remain  at  rest. 

It  is  equally  important  to  be  able  to  resolve  a  given  velocity  into 
two  or  more  component  velocities.  Thus,  the  velocity,  R  (see  the 
figure  for  Parallelogram  of  Velocities),  can  be  resolved  into  two 
components,  P  and  Q,  in  the  directions  O  A,  0  B  respectively. 
Or,  the  velocity,  V  (in  the  last  figure),  may  be  resolved  into  a 
number  of  components,  vv  t7«,  .  .  .,  in  directions  A  B,  B  C,  .  .  . 
Further,  the  directions  of  the  component  velocities  may  be  any- 
thing we  like.  Thus,  in  resolving  a  given  velocity,  R,  into  two 
components,  we  can  do  so  in  an  infinite  number  of  ways,  since 
an  infinite  number  of  parallelograms,  such  as  O  A  D  B,  can  be 
found  having  O  D  for  one  of  their  diagonals.  When,  however, 
the  directions  of  the  components  are  fixed,  their  magnitudes  will 
be  definite  and  easily  determined.  Referring  to  the  figure  for  the 
Parallelogram  of  Velocities,  let  O  D  represent  a  velocity,  R, 
which  has  to  be  resolved  into  two  components  in  the  directions 
O  A  and  O  B.  From  D  draw  D  A  parallel  to  B  O  and  D  B 
parallel  to  A  O,  meeting  the  lines  O  A  and  O  B  in  the  points  A 
and  B  respectively.  Then  O  A  and  O  B  represent  the  component 
velocities  P  and  Q  to  the  same  scale  that  O  D  represents  the 
velocity  R. 

The  most  important  case  of  resolution  is  that  wherein  the  given 
velocity  has  to  be  resolved  into 
components  whose  directions  are 
at  right  angles  to  each  other. 
Thus,  let  it  be  required  to  resolve 
the  velocity,  v,  whose  direction  is 
0  0,  into  its  Rectangular  Com- 
ponents along  O  x  and  O  y. 

From  0  drop  the  perpendicu- 
lars OA,  OB  on  the  axes  Ox 
and  Oy.  Then,  OA,  OB  are 
the  components  in  the  required  directions. 

Let  vXt  vy  =  Components  of  v  in  directions  O  x,  O  y  respectively. 
„  6  =  Angle  between  the  directions  of  v  and  vx. 


* 

0 

e 

* 

6 

«-— uoot* + 

A        * 

Rectangulab  Resolution. 


Then, 
And9 


vx  =  v  cos^l 
vy  =  v  sin  6  ) 


(XVII) 


Composition  and  Resolution  of  Accelerations.— Since  an  accelera- 
tion is  a  rate  of  change  of  velocity,  whether  in  magnitude  or  in 
direction,  it  follows  that  accelerations  may  be  compounded  or 
resolved  according  to  the  same  rules  as  velocities. 
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If  the  direction  of  motion  of  a  body  be  constant,  then  ohange  of 
velocity  can  only  take  place  in  that  direction.  Thus,  if  a  body  is 
constrained  to  move  in  a  rectilinear  path  its  only  acceleration 
is  one  of  magnitude,  and  takes  place  along  the  straight  line  in 
which  the  body  moves. 

Again,  the  velocity  of  a  body  may  be  constant  in  magnitude, 
but  variable  in  direction,  as  in  the  case  of  a  body  moving  with 
uniform  speed  in  a  circle.  Or,  it  may  vary  both  in  magnitude  and 
in  direction,  as  in  the  case  of  the  bob  of  a  pendulum  swinging 
to  and  fro.  The  Total  Acceleration,  in  any  case,  may  be  found  in 
the  following  manner : — 


Total  Acceleration  of  a  Moving  Body. 

Let  L  M  be  the  path  of  a  moving  body,  and  P,,  P2  its  positions 
at  the  beginning  and  end  of  an  interval  of  time,  t. 

At  P},  its  velocity  is  in  the  direction  of  the  tangent,  Px  Tlf  and 
at  P2,  its  velocity  is  in  the  direction,  P2  T2. 

From  A  draw  A  B  and  A  0  to  represent  in  magnitude  and 
direction  the  velocities  of  the  body  at  the  points  P1  and  P2  respec- 
tively. Join  B  0,  and  complete  the  parallelogram,  ABCD. 
Then  A  C  represents  the  resultant  velocity  whose  components 
are  A  B  and  A  D  or  B  0.  But,  if  the  velocity  of  the  body  had 
remained  constant  in  magnitude  and  in  direction  during  the  time, 
t,  its  velocity  at  the  end  of  that  interval  of  time  would  have  been 
represented  by  A  B.  Hence,  in  the  above  case,  AD,  or  B 0, 
represents,  in  magnitude  and  direction,  the  change  of  velocity 
during  the  time,  U 

B  C 
Total  acceleration  =  -r-. 

[Suppose  the  arc  Px  P2  to  be  very  small ;  and 
Let  v  =  Velocity  of  body  at  point,  Pr 

„  v  +  At?  =  Velocity  of  body  at  point,  Pj. 
„  At  *=  Small  interval  of  time  required  to  traverse  the 

small  arc,  Px  P2. 
„         A  f  «  Angle  between  tangents  to  curve  at  Pl  and  Fr 


TOTAL   ACCELERATION.  17 

From  B  draw  B  N  perpendicular  to  A  C.     Then  B  N  and  N  0 

represent  respectively  the  components  of  the  total  acceleration, 

B  0,  along  lines  normal  and  tangential  to  the  curve  at  a  point 

near  to  Pr 

B  N 

Hence.  Normal  Acceleration  =  limit  of 

At 

N  0 
And,         Tangential  Acceleration  =  limit  of . 

A  t 

Now,  B  N  «  A  B  sin  A  <p  =  v  sin  A  p. 

T.    ..    ,BN         d<p 

Limit  of  — — -  =  v  ~r-. 

At  at 

In  the  limit,  let  d  8  denote  the  infinitesimally  small  arc,  Px  P^, 
and  let  p  denote  the  radius  of  curvature  at  the  point,  Px  or  P2. 

m.  dp         ds      d  <p        9d<p 

Then,  „r=  r^^r 

dt  dt      ds  da 

But,  from  the  properties  of  plane  curves,  we  know  that : — 

±t  =  I  * 

da       f> 


2 


Normal  Acceleration  =—.  .    .    .    (XVIII) 

a     •  t-    -x    rNO      ..    ..    rAv      dv 

Again.  Limit  of  — -  =  limit  of  — -  =  -5-7  . 

*      '  At  At       dt 

Tangential  Acceleration  =»  ^7 .    .    .    .    (XIX) 

The  result  expressed  in  equation  (XIX)  agrees  with  the  corre- 
sponding general  equation  previously  deduced. 

In  the  case  of  a  body  moving  in  a  circle  with  uniform  motion, 

we  get  p  =  r  =  radius  of  circle,  and  v  is  constant     Then  the 

tangential  acceleration  is  nil,  and  the 

v% 
Normal  or  Radial  Acceleration  =  — .     (XVIIIa) 

This  is  usually  spoken  of  as  the  Centripetal  Acceleration^ 
The  Hodograph — Uniform  Motion  in  a  Circle. — We  shall  now 
extend  the  foregoing  principles  to  the  determination  of  the  acceler- 
ation of  a  body  which  moves  with  uniform  velocity  in  a  circle. 
In  the  first  place  we  shall  briefly  describe  the  properties  of  the 
Hodograph. 

*  See  Todhunter'a  Dij}.  Calculus,  p.  343. 

a 
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Definition— If  a  point,  P,  be  moving  in  any  manner  in  a 
straight  or  curved  path,  and  if  from  a  fixed  point,  straight  lines 
be  drawn  representing  in  magnitude  and  direction  the  velocities 
of  P  at  different  points  of  its  path,  the  lccus  of  the  extremities  of 
those  lines  will  be  a  curve  which  is  the  Hodograph  of  P's  motion. 

Thus,  let  L  M  be  the  path  of  a  moving  point,  P.  Let  the 
velocities  at  the  points  P.,  P2,  P8  .  .  .  be  vv  vv  vz  .  .  . 
From  any  point,  O,  draw  0  Qv  O  Q^,  O  Q8  .  .  .  respectively 
parallel  to  vv  v2,  vs  .  .  .  and  of  lengths  representing  these 
velocities.     Then  the  curve,  Qv  Q?,  Qg,  Q4,  which  is  the  locus  of 


* 


The  Hodograph. 

the  point  Q,  is'  the  hodograph  of  P's  motion  in  the  path,  L  M. 
Hence,  to  every  point  on  the  curve,  L  M,  there  will  be  a  corre- 
sponding point  on  the  hodograph,  so  Chat  while  the  body  describes 
the  ourve,  L  M,  we  may  imagine  a  point  to  describe  the  hodograph. 
We  shall  now  prove  the  following  property  of  the  hodograph : — 

The  acceleration  of  the  body  at  any  point  on  the  ourve,  L  M,  is 
represented  in  magnitude  and  direction  by  the  velocity  of  the 
corresponding  point  on  the  hodograph. 

Let     v  =  Average  velocity  between  Yx  and  P2. 
„    A  t  =  Indefinitely  small  time  required  to  describe  arc  Px  Pr 

P  P 
Then,  v  -  £l-ri. 

At 

But  OQt,  OQp  represent  the  velocities  of  the  body  at  the 
oeginning  and  end  of  the  interval  of  time,  A  t.  Therefore,  chord 
Qj  Q2  represents  the  change  of  velocity  of  the  body,  during  that 
interval  of  time. 

That  is,     Acceleration  of  body  between  \      Qi  Q2 
Fxand~P%  )         At  ' 


THE   HODOGRAPH. 
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But,  in  the  limit,  when  P2  approaches  indefinitely  near  to  Plf 
and,  therefore,  also  Q2  approaches  indefinitely  near  to  Qx, 
we  get: — 

Chord  Qj  Qa  =  Arc  Qj  Q2. 


But, 


Arc  Q,  Q2  = 
At 

Acceleration  of] 
body  in  curve  >  = 
LM  I 


Velocity  of  Qin  hodograph. 
Velocity  of  Q  in  hodograph. 


Again,  since  the  direction  of  motion  of  a  point  on  a  curve  is 
along  the  tangent  to  the  curve  at  that  point,  so  the  direction  of 
motion  of  Q  on  the  hodograph  at  any  point  is  along  the  tangent 
to  the  hodograph  at  that  point.  Hence,  the  direction  of  the 
acceleration  of  the  moving  body  at  any  point  on  the  curve,  L  M, 
is  represented  by  the  tangent  at  the  corresponding  point  on  the 
hodograph. 

Thus,  let  P1  and  Qx  be  corresponding  points  on  the  path  and 
hodograph  respectively.  Then,  O  Qx  represents  the  velocity  of 
the  body  at  PT,  and  the  tangent  to  the  hodograph  at  Q1  represents 
the  direction  of  the  acceleration  at  the  same  point. 

When  a  body  describes  a  circle  with  uniform  velocity,  it  is 
evident  that  there  can  be  no  tangential  acceleration. 

Let  A  P  B  represent  the  circular  path  of  a  body  moving  with 
uniform  velocity,  v.  Then,  it  is  clear'that  the  hodograph  of  the 
moving  body  will  also  be  a  circle  whose 
radius  is  v.  With  centre,  O,  and  radius 
representing  v,  describe  a  circle,  0  Q  D. 
Then,  circle  CQD  is  the  hodograph. 
Let  P  be  the  position  of  the  body  at 
any  instant  Draw  the  radius,  O  Q,  of 
the  hodograph  parallel  to  the  tangent 
at  P ;  or,  what  is  the  same  thing,  draw 
O  Q  perpendicular  to  O  P.  Since  the 
radius,  O  P,  describes  equal  angles  in 
equal  times,  it  follows  at  once  that  the 
radius,  O  Q,  of  the  hodograph  will  also 
describe  equal  angles  in  equal  times. 
In  other  words,  the  velocity  of  Q  in  the 
hodograph  is  uniform.  Now,  the  magnitude  and  direction  of  the 
velocity  of  Q  represent  the  magnitude  and  direction  of  the  accelera- 
tion of  P.  Therefore,  the  direction  of  the  acceleration  of  P  is 
that  of  the  tangent  to  the  hodograph  at  the  point,  Q;  that  is,  it 


Hodograph  for  Unifohm 
Motion  in  a  Circlk. 
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is  along  the  radius,  P  O.    As  to  the  magnitude  of  this  acceleration, 
we  observe  that : — 

Acceleration  o/P  =  a  =  Velocity  o/Q. 

Since  Q  describes  the  circle,  CQD,  in  the  same  time,  t,  as  P 
describes  the  circle,  A  P  B,  we  get : — 

™     ,     ,          ,               Circumference  of  QQD       2  c  v  v        y_v 
Forhodograph,     t —.^  ^-3-  =  --_    .    (1) 

For  Path  of  P,      t  =  GWcu^ference^ ^APB  _  Sjr^r 

Velocity  oj  F  v  x  ' 

Equating  (1)  and  (2)  we  get : — 

2*v      2  Tr 
a  v 


Acceleration  of  P  =  a 


(XX) 


Example   I. — A  body  slides  down  a  smooth  inclined  plane, 
determine  its  velocity  at  the  foot  of  the  plane.     If  the  plane  has 


Motion  on  Smooth  Inclined  Plans. 

a  rise  of  25  per  cent.,  what  distance  would  a  body,  descending 
along  it  from  a  state  of  rest,  describe  in  five  seconds?  Find  also 
the  time  occupied  in  sliding  down  the  first  50  feet  of  the  length  of 
the  plane. 

Answer. — Let  a  =  Acceleration  of  the  body  along  the  plane. 
„     a  =  Inclination  of  plane  to  the  horizon. 

(1)  If  the  body  were  free  to  move  vertically  downwards  its 
acceleration  in  that  direction  would  be  g.     But  since  it  is  con- 
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strained  to  move  in  the  direction  B  A,  its  acceleration  in  this 
direction  will  be  less,  being,  in  fact,  the  component  of  g,  along 
BA. 

Hence,  resolve  g  into  its  rectangular  components  in  directions 
along  and  at  right  angles  to  B  A.     Then : — 

Acceleration  along  BA=^  sin  a. 
Acceleration  perpendicular  to  B  A  =  g  cos  a. 

The  latter  component  has  no  effect  on  the  motion  of  the  body* 
Hence : — 

Acceleration  down  the  plane  =  a  =  gr  sin  a.    .    .    (1) 

Let  t  ~  Time  required  to  slide  along  a  length,  s. 
M  v  =  Velocity  at  the  end  of  time,  U 

Then,  from  equation  (IV a)  v  =  at 

v  =  g  t  sin  a (2) 

From  equation  (Va)  *  =  \a&. 

s  =  £  g  t2  sin  a (3) 

And  from  equation  ( VIa)  v2  =  2  a  s. 

v2  =  2g8 sin  a. 

But,  s  sin  a  =  Height  of  plane  of  length,  s, 

,       =  h}  say. 

Then,  v*  =  2gh (4) 

That  is, — The  velocity  acquired  by  a  body  in  sliding  down  a 
smooth  inclined  plane  is  tfte  same  as  that  acquired  by  a  body 
falling  freely  Uvrough  a  distance  equal  to  the  Iieight  of  tlie  plane. 

From  the  given  data,  we  get : — 

25 

8ina  =  Toos='25' 

t  =  5  seconds. 

,\  From  equation  (3),  we  get : — 

8  =  bgfizina  =  £  x  32-2  x  5  x  5  x  -25 

„  =  100-625  feet. 

(2)  Here,  s  =  50  feet,  and  we  require  t. 
From  equation  (3),  we  get : — 

s  sh  £  g  ft  sin  a. 

I    2  8  y    9  x  go 

*  -  V^i^  -  ViklTTs  ~  3M  Becond8- 
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Example  II.  —  State  the  rule  for  the  composition  of  two 
velocities.  If  a  particle  describes  the  perimeter  of  a  regular 
polygon  with  a  constant  velocity,  vy  show  that  there  must  be 
impressed  on  it,  at  each  angular  poiut  a  velocity  equal,  to  2  v  cos  a, 
directed  towards  the  centre  of  the  circumscribing  circle,  where 
a  denotes  half  an  angle  of  the  polygon.  (S.  &  A.  Hons.  Theor. 
Mech&.  Exam.,  1885.) 

Answer.  —  For  answer  to  first  part,  see  Parallelogram  of 
Velocities.     Let  A  B  C  D     .     .     represent  the  sides  of  a  regular 

polygon,  whose  centre  is  O.  When 
the  particle  arrives  at  B,  its  direc- 
tion of  motion  is  suddenly  changed 
from  A  B  to  B  C,  while  the  magni- 
tude of  the  velocity  remains  un- 
altered. To  find  the  magnitude  and 
direction  of  the  velocity  which  roust 
have  been  imparted  to  the  particle 
at  the  point,  B,  we  may  proceed  as 
follows : — 

Produce  A  B,  and  set  off  B  H, 
To  Illustrate  Example  IV.     to  represent  the  velocity,  v,  of  the 

particle  along  A  B,  and  B  K  along 
B  C,  to  represent  the  velocity  in  that  direction.  Then  H  K 
represents  in  magnitude  and  direction  the  change  of  velocity 
which  must  have  been  imparted  to  the  particle  at  the  point,  B. 
The  magnitude  of  this  velocity  can  be  found  from  the  triangle, 
B  H  K,  or  equation  (XV). 

For,  V2  =  v*  +  v2  -  2  v2  cos  (180°  -  2  a)  =  2  tf  (1  +  cos  2  a) 

„    =  4  v2  cos2  a.     [Since  1  +  cos  2  a  =  2  cos2  a.] 

V  =  2  v  COS  a. 

Join  B  to  O,  the  centre  of  the  polygon,  and  we  get : — 
In  triangle  BHK; 

Exterior ^ABC  -     zBHK  +  ziBKE 

But,  ^:BHK=     zBKH, 

/.    ^BHKor^BKH=|^ABC  =  «. 

.\      H  K  is  parallel  to  B  O,  since  B  O  bisects  ^ABC. 

Therefore,  the  velocity  impressed  on  the  particle  at  B  is  directed 
along  B  O,  towards  the  centre. 

Example  III. — Find,  at  any  instant,  the  magnitude  and  direc- 
tion of  the  velocity  of  a  point  on  the  rim  of  a  wheel  which  rolls 
along  a  road  with  a  constant  speed,  v. 
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Answer. — Take  any  point,  P,  on  the  rim  of  the  wheel,  and  ltt 
the  radius,  drawn  through  P,  make  an  angle,  0,  with  the  vertical 
radius,  O  A. 

Then,  since  the  centre  of  the  wheel  is  moving  with  velocity,  v, 
it  follows  that  the  tangential  velo- 
city of  any  point  on  the  rim  is 
also  v.  This  is,  however,  but  one 
of  the  components  of  the  actual 
velocity  of  P.  The  actual  velocity 
of  P  is  the  resultant  of  two  velo- 
cities— viz.,  v,  along  the  tangent 
at  P,  and  v,  horizontally,  since  the 
point,  P,  in  addition  to  moving 
round  O,  as  a  centre,  is  also  being 
carried  in  a  horizontal  direction 
along  with  the  wheel  as  a  whole. 
By  completing  the  parallelogram 
of  velocities,  as  shown,  the  result- 
ant velocity,  V,  can  be  found. 
The  angle  between  the  component 
velocities  is  180°  -  6.  Hence,  from 
equation  (XV) : — 


Velocity  of  a  Point  on 
a  Rolling  Wheel. 


V2  =  ^2  +  ^  +  2  t>*cos  (180°  -  *). 


-  2t*{l  +  cos(18(r-  $)} 


4 1£  sin2  -x . 


V  =  2vBin, 


(1) 


Next,  as  to  the  direction  of  the  resultant  velocity,  V. 
Since  P  It  bisects  the  angle  between  P  T  and  P  H, 

4 


RPH  =  9<T  - 


r 


But, 


In  the  A  A  P  H, 


:OAP  =  J^POH  =  90°  -  ^. 

:RPH  =  ^OAP. 
:  O  A  P  =  complement  of  ^  A  P  H. 
:RPH  =  „  „ 

:RPA  is  a  right -angle. 


Hence,  the  direction  of  motion  of  P  is  perpendicular  to  the  line 
joining  P  with  A,  the  point  of  the  wheel  which  is  in  contact  with 
the  ground. 
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The  point,  A,  is  called  the  Instantaneous  Centre  of  motion  for 
all  points  on  the  rim  of  the  wheel ;  because  any  ]x>int,  such  as  F, 
is  moving  at  any  instant  on  the  circumference  of  a  circle  having  A 
for  its  centre  and  A  P  as  its  radius. 

The  direction  of  the  actual  motion  of  any  point,  P,  is,  at  any 

0 
instant,  inclined  to  the  horizontal  at  an  angle  equal  to  90°  -  =  • 

Example  IV. — In  the  previous  example  find  the  magnitude  and 
direction  of  the  actual  velocity  of  the  point,  P,  when  the  radius, 
O  P,  makes  angles  of  0°,  90°,  180°,  and  270°  with  the  vertical 
radius,  OA.  Also,  find  the  position  of  P  when  the  resultant 
velocity,  V,  is  equal  to  v. 

Answer. — (1)  When  0  =»  0°.  From  equation  (1),  Example  III., 
we  get : — 

V  =  2  v  sin  -^  =  0,  since  sin  0°  =  0. 
i.e.,  the  point  is  at  rest  when  it  is  in  contact  with  the  ground  A 

(2)  When  4  =  90s.     Here  sin  ^  -  sin  45°  -  -^. 

V=2i>sin|  =  2«x^-  =  vs/l 

Also,    Direction  which)  a 

V  makes  with  \  =  90°  -     -  45°. 
the  horizon      ) 

(3)  When  *  =  180°.     sin  |  =  sin  90°  =  1. 

A 

V  =  2  v  sin  £  =  2  v  x  1  =  2  v. 

And,    Direction  which)  a 

V  makes  with  V  =  90°  -  ^  =  0*. 
the  horizon      ) 

That  is,  when  P  is  vertically  over  O,  it  is  moving  horizontally 
with  a  velocity  equal  to  twice  the  speed  of  the  wheel. 


(4)   When  4  =  270°.     sin  |  =  sin  135°  =  ^. 


x/2 


2i7sin^«  2v  x  *L±  «  v*/X 


And,    The    inclination ) 

of  V   to   the  V  =  90°  -  135°  =  -  45\ 
horizon  J 
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(5)  To  find  4  when  V 

=»  V. 

Here, 

V  - 

2  v  sin-?* 

•••                              sin^  » 

V 

2v 

=  *• 

e 
e  e 

* 
J" 

30°, 

or  150°, 

• 
•  • 

4« 

60°, 

or  300°. 

These  agree  with  the  two  positions  of  F  when  the  chord,  A  P, 
is  equal  to  the  radius,  O  A. 

Varying  Velocities. — When  a  body  is  caused  to  move  through 
different  distances  in  equal  times,  its  speed  or  velocity  is  said  to 
be  variable.  The  velocity  of  the  body  at  a  particular  instant, 
or  during  a  very  short  interval  of  time,  such  as  the  fraction  of 
a  second,  will  be  the  distance  it  travels  during  that  time. 

The  instantaneous  velocity  of  a  body  moving  with  a  variable 
speed  may  be  graphically  represented  and  estimated  in  the  fol- 
lowing manner: — Plot  an  abscissa 
or  horizontal  line  to  represent 
seconds  and  fractions  of  a  second, 
and  an  ordinate  or  vertical  line  to 
represent  displacement  in  feet. 
Then,  suppose  that  the  curved  line 
represents  to  scale  the  varying 
velocity  of  a  body,  and  we  desire 
to  know  its  instantaneous  values  at 
the  positions  p  and  q. 

(1)  Draw  a  tangent  to  the  curve 
at  the  point  p.  Then,  from  the  slope 
of  this  tangential  dotted  line  we 
see,  that  if  the  velocity  of  the  body  had  been  uniform  whilst 
passing  through  a  point  represented  by  p,  a  distance  of  (7  -  2) 
=  5  feet,  would  have  been  passed  over  in  3*75  seconds.  Conse- 
quently, we  estimate  that  its  instantaneous  volocity  at  p  was 

(5  -f-  3-75)  —  1*3  feet  per  second.  In  the  same  way,  we  find 
that  had  the  velocity  of  the  body  remained  uniform  whilst 
passing  through  a  point  represented  by  q  on  the  curve,  then 
13  feet  would  have  been  passed  over  in  (7  -  1*5)  or  5*5  seconds. 
Therefore  its  instantaneous  velocity  sX  q  =  (13  -f-  5*5)  =■  2*36  feet 
per  second. 

In  this  way  the  velocity  of  the  body  may  be  ascertained  at 
any  other  instant. 


*     J    '* — T    . 

r/m*  At    Jm«»** 

Variable  Velocities. 
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Lecture  XX.— Questions. 

1.  Define  the  terms  velocity  and  acceleration,  and  explain  how  these  are 
measured — (I)  when  uniform ;  (2)  when  variable.  Qive  examples  of  bodies 
having  accelerations — (a)  constant  in  magnitude  and  direction ;  (6)  constant 
in  magnitude  but  not  in  direction ;  (c)  constant  in  direction  but  not  in 
magnitude ;  (d)  variable  both  in  magnitude  and  direction. 

2.  When  the  velocity  of  a  particle  is  uniformly  accelerated,  show  that 
8  =  £  a  t2.  A  particle  moves  from  a  state  of  rest  under  the  action  of  a  force 
which  increases  its  velocity  by  20  feet  per  second  in  every  second  of  its 
motion.  After  four  seconds  the  force  ceases  to  act  on  it.  What  distance 
does  it  describe  in  the  first  six  seconds  of  its  motion  ?  (S.  &  A.  Adv.  Theor. 
Mechs.  Exam.,  1880.)     Ans.  320  feet. 

3.  Establish  the  formulae  for  uniform  acceleration  in  the  direction  of 
motion  : — vt  =  v\  +  a  t ;  8  =  v\  t  +  $  a  J2,  and  from  these  results  deduce  the 
formula — v)  =  v\  +  2  a  8.  Find  an  expression  for  the  distance  described  in 
the  nth  second. 

4.  A  cage  is  ascending  the  shaft  of  a  mine  at  a  uniform  rate  of  10  feet  per 
second.  When  it  is  50  feet  from  the  top  the  speed  is  diminished,  so  that  it 
now  moves  with  a  uniformly  retarded  velocity,  and  finally  comes  to  rest  at 
the  top.     Find  the  retardation.     Ans.  I  foot  per  second. 

5.  State  the  rule  for  the  composition  of  two  velocities.  Draw  two  lines, 
A B,  AC,  containing  an  acute  angle.  A  particle  is  at  A  moving  with 
a  given  velocity,  V,  from  A  towards  B.  Give  a  construction  for  deter- 
mining the  velocity  that  must  be  impressed  on  it,  to  make  it  move  with  a 
velocity,  2  V,  from  A  towards  C. 

6.  A  particle  describes  the  perimeter  of  a  regular  hexagon  with  a  con- 
stant velocity  of  100  feet  a  second.  Find  the  magnitude  and  direction  of 
the  velocity  that  must  be  communicated  to  it,  at  the  instant  it  reaches  an 
angular  point.    Ans.  100  feet  per  second  towards  oentre  of  hexagon. 

7.  Two  bodies  start  together  from  rest,  and  move  in  directions  at  right 
angles  to  each  other.  One  moves  with  a  uniform  velocity  of  3  feet  per 
second,  while  the  motion  of  the  other  is  uniformly  accelerated.  At  the  end 
of  four  seconds  the  bodies  are  found  to  be  20  feet  apart.  Determine  the 
acceleration  of  the  latter  body.     Ans.  2  feet  per  second. 

8.  Two  bodies,  P  and  Q,  move  with  different  velocities  along  the  same 
line.  What  is  the  relative  velocity  of  Q  to  P?  If  Q  is  allowed  to  fall 
freely,  and  two  seconds  after  P  is  allowed  to  fall  freely  from  the  same 
point,  find  the  relative  velocity  of  Q  to  P  at  any  subsequent  time. 

Ans.  64*4  feet  per  second. 

9.  Define  angular  velocity.  P  is  a  point  of  a  body  turning  uniformly 
round  a  fixed  axis,  and  P  N  is  a  line  drawn  from  P  at  right  angles  to  the 
axis.  If  PN  describes  an  angle  of  375°  in  three  seconds,  what  is  the 
angular  velocity  of  the  body  ?  and  if  P  N  is  6  feet  long,  what  is  the  linear 
velocity  of  P  ?   Ans.  (1)  0*7  t  radians  per  second ;  (2)  4*2  x  feet  per  second. 

10.  A  point  is  describing  a  circle  of  radius  21  feet,  with  a  uniform  velocity 
of  12  feet  per  second.  Find  the  change  in  its  velocity  after  it  has  described 
one-sixth  of  a  whole  circumference.  Ans.  12  feet  per  second,  at  120°  with 
first  direction. 
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11.  A  wheel,  whose  diameter  is  5  feet,  turns  forty  times  a  minute ;  find 
its  angular  velocity  and  the  linear  velocity  of  a  point  on  its  circumference. 
If  the  centre  of  the  wheel  moves  in  a  straight  line  with  a  velocity  of 
20  miles  an  hour ;  what  are  the  velocities,  relative  to  a  very  distant  fixed 
point  in  the  straight  line,  of  the  ends  of  the  diameter  which  is  at  any 

4  TC 

instant  vertical?    Ans.  (1)  <*>  —    „-  radians  per  second;  (2)  10"5  feet  per 

second  ;  (3)  upper  end  =  40  miles  per  hour ;  lower  end  -—  zero. 

12.  What  is  the  numerical  value  of  the  angular  velocity  of  a  body  which 
turns  uniformly  round  a  fixed  axis  twenty-five  times  a  minute  ?  A  B  C  is 
a  triangle  right  angled  at  C.  It  is  turning  with  a  given  angular  velocity, 
w,  round  an  axis  through  A,  at  right  angles  to  its  plane.  Find  the 
magnitude  and  direction  of  the  velocities  of  B  and  C ;  and  also  ,the  relative 

velocity  of  B  to  C.     Ans.  =  •*•  radians  per  second. 

13.  A  train  descending  a  gradient  increases  its  speed  from  40  to  49  miles 
per  hour  in  four  and  a  half  minutes.  Find  the  mean  acceleration.  Taking 
the  acceleration  due  to  gravity  at  32  in  feet  and  seconds,  determine  the 
gradient.  Ans.  (1)  0  049  foot  per  second  per  second,  or  120  miles  per  hour 
per  hour  ;  (2)  1  in  654. 

14.  Given  the  base,  b,  of  a  smooth  inclined  plane,  find  its  height,  h,  so 
that  the  horizontal  component  of  the  velocity  of  a  body  at  the  foot  of  the 
plane  shall  be  a  maximum.     Ans.  h  =  b. 

15.  Define  the  hodograph,  and  prove  that  the  acceleration  of  a  point's 
motion  is  equal  to  the  velocity  with  which  the  hodograph  is  traced  out. 
Determine,  by  means  of  the  hodograph,  the  acceleration  of  a  body  which, 
moves  with  uniform  velocity  in  a  circle. 

16.  Define  the  angular  velocity  of  a  moving  point  with  respect  to  a  fixed 
point.  Under  what  circumstances  will  the  angular  velocity  of  the  moving 
point  be  equal  to  its  linear  velocity  divided  by  its  distance  ?  Draw  an 
equilateral  triangle  ABC,  having  each  side  12  feet  long;  a  point  moves 
along  BC  with  a  velocity  of  10  feet  a  second ;  when  it  is  at  C,  what  is  its 
angular  velocity  with  respect  to  A?  (S.  &  A.  Adv.  Theor.  Mechs.  Exam., 
lo9o. ) 

17.  Two  circles  touch  each  other  externally,  and  the  point  of  contact 
(A)  is  in  the  same  vertical  line  as  the  centres ;  from  any  point  (P)  of  the 
upper  circumference  draw  a  straight  line  P  A  Q  to  meet  the  lower  circum- 
ference in  Q ;  if  a  particle  is  allowed  to  fall  from  P  along  P  Q,  show  that 
the  time  it  takes  to  reach  Q  is  constant  for  all  positions  of  P.  Also  compare 
the  times  in  which  P  A  and  A  Q  are  described.  (S.  &  A.  Adv.  Theor.  Mechs. 
Exam.,  1896.) 

18.  A  body  weighing  322  lbs.  is  lifted  by  a  force  of  F  lbs.  which  alters. 
When  the  body  has  risen  through  the  distance  x  feet,  the  force  in  lbs.  for 
the  several  values  of  x  is  as  follows  (or  would  be  if  the  body  rose  as  far) : — 


X 

0 

1 

2 

3 

4 

5  5 

7 

9 

11 
190 

12-5 

14 
190 

17 

20 

F 

540 

540 

540 

530 

500 

460 

310 

220 

190 

190 

190 

Using  squared  paper,  find  the  velocity  in  each  position  and  the  time  taken 
by  the  body  to  get  to  each  position  counting  from  x  =  0,  the  velocity  then 
being  5  feet  per  second.    (3.  and  A.  H.,  Part  L,  1899.) 
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19.  A  body  weighing  3,220  lbs.  is  lifted  vertically  by  a  rope,  there  being 
a  damped  spring  oalance  to  indicate  the  pulling  force  F  pounds  of  the 
rope.  When  the  body  has  been  lifted  x  feet  from  its  position  of  rest  the 
pulling  force  is  automatically  recorded  as  follows  : — 


X 
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18 

43 

60 

74 
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111 

130 

F 

7,700 

7,680 

7,430 

7,130 

6,770 

5,960 

5,160 

3,970 

Using  squared  paper,  find  the  velocity,  t>,  for  values  of  x  of  20, 50,  80,  120, 
and  draw  a  curve  showing  the  probable  values  of  v  for  all  values  of  x  In 
what  time  does  the  body  get  from  x  =  75  to  x  =  85?  Am.  34*6 ;  53*6; 
65;  69-5  feet  per  second;  0154  second.  Arts.  74Ot600  ft. -lbs.;  370,300 
ft. -lbs. ;  370,300  ft. -lbs.     (B.  of  £.  Adv.  &  H.,  Part  I.,  1900.) 


QUESTIONS. 


29 


Lecture  XX.—  A. M.Inst. O.B.  Exam.  Questions. 

1.  Having  given  a  diagram  setting  out  the  relation  between  distances  and 
times  in  the  movement  of  a  body,  show  how  you  might  use  it  to  find  the 
velocity  at  any  time.  What  form  does  such  a  diagram  take  in  the  case 
of  a  body  starting  from  rest  with  a  uniform  acceleration  ?  (I.  G.  E. ,  Oct. ,  1897. ) 

2.  In  plane  motion  of  a  rigid  body,  given  the  acceleration  of  a  point  A 
and  the  path  of  a  point  B,  show  how  we  find  a  diagram  for  the  acceleration 
of  any  point  in  the  body.    Prove  your  construction  to  be  correct. 

(I.C.E.,  Oct.,  1898.) 

3.  Prove  that  if  the  link  and  orce  polygons  are  both  closed,  a  system  of 
forces  in  a  plane  is  in  equilibrium.     (LC.E.,  Oct.,  1898. ) 

4.  Two  bodies,  A  and  B,  are  moving  along  any  two  straight  lines; 
state  what  is  meant  by  the  velocity  of  A  relatively  to  B,  and  explain  how 
you  would  determine  this  having  given  the  velocities  of  A  and  B.  A  train 
is  travelling  at  the  rate  of  20  miles  an  hour,  and  a  man,  sitting  in  a  corner 
of  a  compartment  with  both  windows  down,  observes  a  stone  pass  in  a 
straight  line  at  right  angles  to  the  length  of  the  train  through  both 
windows.  If  it  appears  to  the  man  to  have  a  velocity  of  20  feet  per 
second,  with  what  horizontal  velocity  must  the  stone  have  been  thrown  ? 

(I.C.1&.,  Feb.,  1899.) 

5.  Draw  a  rectangle  A  B  C  D  having  A  B  =  4  inches  and  B  C  =  2  inches. 
A  body  is  acted  on  by  a  force  P  of  142  tons  weight  in  the  direction  from 
C  to  B.  You  are  required  to  find,  graphically,  three  forces  which  will 
balance  P,  their  lines  of  action  being  given  as  follows : — i.  A  line  through 
D  and  a  point  E  which  is  on  A  B,  and  1  inch  from  A.  ii.  A  line  through 
B  at  right  angles  to  D  E.  iii.  The  line  C  D.  Show  clearly,  by  means  of 
arrows,  the  direction  of  each  force.     (I.C.E.,  Feb.,  1899.) 

6.  What  is  meant  by  the  instantaneous  centre  of  a  piece  moving  in  a 
fixed  plane  ?  A  rigid  body  has  a  plane  motion.  Three  points  on  the  body 
A,  B,  and  C,  in  the  same  plane,  are  such  that  A  B  =  3  feet,  B  C  =  2  feet, 
and  A  C  =  2*6  feet.  At  a  certain  instant  it  is  known  that  the  point  A 
has  a  velocity  of  4  feet  per  second  in  the  direction  from  A  to  C,  and  that 
the  point  B  is  moving  in  the  direction  from  C  to  B.  Show  how  the 
velocity  of  any  other  point  on  the  body  may  be  obtained,  graphically  or 
otherwise,  and  determine  the  values  for  the  velocities  of  B  and  the  point 
midway  between  A  and  B.     (I.C.E.,  Feb.,  1899.) 

7.  A  body  of  250  lbs.  is  acted  on  by  a  resultant  force,  F,  which  varies  in 
amount.  When  the  body  was  passed  through  the  distance  x  feet,  the 
force  in  lbs.  weight  is  as  follows : — 
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Find,  either  by  a  graphical  or  arithmetical  method— (1)  The  average  force 
acting  on  the  body  during  the  first  foot.  (2)  The  work  done  on  the  body 
during  the  firat  half  of  a  foot.  (3)  If  the  velocity  is  4  feet  per  second  when 
*=0,  find  what  it  is  when  #=05  foot.     (I.C.E.,  Feb.,  1899.) 
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8.  Show  that  the  parallelogram  of  force  applies  also  to  couples,  and 
that  the  parallelogram  of  velocities  is  applicable  to  rotations. 

(I.C.E„  Oct.,  1809.) 

9.  Draw  a  curve  of  velocities  referred  to  time  which  might  apply  to  the 
starting  of  a  train  from  rest,  and  show  how  to  deduce  the  curve  of 
acceleration  from  it.     (I.C.E.,  Oct.,  1899.) 

10.  A  body  moving  at  a  velocity  of  10  feet  per  second  to  start  with  is 
acted  upon  by  forces  which  produce  an  acceleration  varying  uniformly 
from  10  foot-seconds  per  second  to  20  foot  seconds  per  second  during  the 
10  seconds  they  act ;  find  the  distance  the  body  travels  during  the  time. 

(I.C.E.,  Oct.,  1899.) 

11.  What  do  you  understand  by  the  instantaneous  centre  of  motion? 
Four  links  are  pivoted  together  in  a  plane  ;  find  the  instantaneous  centres 
of  motion  of  the  opposite  links  with  respect  to  each  other,  with  proof  of 
same.     (I.C.E.,  On.,  1899.) 

12.  A  body  is  rotating  about  an  axis  with  an  angular  velocity  of  4  radians 
per  second,  and  about  an  axis  intersecting  the  former  at  an  angle  of  60* 
with  an  angular  velocity  of  9  radians  per  second ;  find  the  axis  about 
which  the  resultant  rotation  is  taking  place  and  its  amount. 

(I.C.E.,  Feb.,  1900.) 

13.  Define  acceleration.  Find  an  expression  for  the  acceleration  of  a 
weight,  W,  rotating  at  a  uniform  angular  velocity  round  an  axis  at  the  end 
of  an  arm  whose  weight  may  be  neglected.     (I.C.E.,  Feb.,  1900.) 

14.  A  vehicle  is  proceeding  in  a  westerly  direction  at  the  rate  of  10  miles 
per  hour.  The  wind  is  blowing  from  the  south-west  at  the  rate  of  6  miles 
per  hour.  Find  the  velocity  of  the  wind  relatively  to  the  vehicle  in  amount 
and  direction.  If  the  vehicle  returns  at  the  same  rate,  what  is  the  velocity 
and  direction  of  the  wind  relatively  to  it  ?    (I.C.  E. ,  Feb. ,  1900. ) 

15.  What  do  you  mean  by  an  instantaneous  centre  of  rotation  ?  Give  an 
example.  What  points  on  the  rim  of  a  carriage  wheel  are  moving  at  the 
same  rate  as  the  middle  of  the  axle?    (I.C.E.,  Feb.,  1901.) 

16.  Explain  tin  usual  British  and  Continental  units  of  mass,  force, 
energy,  power,  and  heat.  Given  that  1  kilogram  equals  2*2  lbs  ,  compare 
the  velocities  generated  in  1  second  by  (1)  the  weight  of  1  oz  acting  on  a 
kilogram,  and  (2)  the  weight  of  a  gram  acting  on  1  lb.    (I.C.E.,  Feb.,  1901.) 

17.  Give  a  proof  of  the  formulae  for  falling  bodies,  (a)  v  =  gt,  {b)  8= J  gP, 
(c)  v2  =  2g  8,  where  g  is  the  acceleration  due  to  gravity.  Find  the  distance 
traversed  by  a  falling  body  starting  from  rest,  during  the  8th  and  10th 
seconds  of  its  motion.     (I. C.  E. ,  Oct. ,  1 90 1 . ) 

18.  State  the  proposition  of  the  parallelogram  of  forces  and  describe  an 
experiment  to  verify  it.  Find  by  calculation  the  magnitude  of  the 
resultant  of  two  forces  of  5  lbs.  and  10  lbs.  weight  acting  at  an  angle 
of  60°.     (I.C. E.,  Oct.,  1901.) 

19.  A  cam  moves  a  roller  up  and  down  between  vertical  guides,  the 
displacement  of  the  roller  being  noted  for  each  twelfth  of  a  revolution  of 
the  cam  as  follows : — 

TB5M2r}    1        2       3     4     5     6    7      8       9       10      11      12 

^leHn^ndief}019  °'97  2'15  4  5'41   6  6'4  401  2'16  °'97  °*24  0'°° 

Plot  on  squared  paper  to  a  suitable  scale  the  displacement  or  space 
curve  of  the  roller,  and  from  it  determine  points  in  and  draw  the  curves 
representing  the  velocity  and  acceleration  of  the  roller  for  a  complete 
revolution  of  the  cam.     Assuming  the  angular  velocity  of  the  cam  shaft  to 
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bo  uniform,  and  the  lime  of  one  revolution  to  be  4  second,  find  from  the 
curves  the  numerical  value  of  the  maximum  velocity  and  acceleration  of 
the  earn  roller.     (I  O.K.,  QeLt  1901.)     (flefer  aJxo  to  Lectin*  XlX.t  Vol,  1.) 

20.  Prove  that  the  velocity  acquired  by  a  body  in  hiding  down  a  smooth 
inclined  plane  is  the  ?ame  as  that  at  quired  in  falling  freely  through  a 
distance  equal  to  the  height  of  the  plane.     (I  C.E.,  Feb.f  1002.) 

21.  State  the  principle  of  the  "parallelogram  of  velocities."  If  a  man 
rows  a  boat  at  the  rate  of  3  miles  an  hour  in  a  direction  till  cast  of  north, 
and  iii  a  current  which  flows  due  south  at  the  rate  of  \h  utiles  an  hour,  find 
the  direction  the  boat  will  move  and  the  rate  at  which  it  will  move. 

(IXVR,  Feb.,  1901) 

22.  Explain  how  to  determine  graphically  the  relative  velocity  of  two 
points,  the  magnitudes  and  direction*  of  whose  velocities  are  known  Find 
the  true  course  and  velocity  of  a  steamer  steering  due  north  by  compass  at 
12  knots  through  a  4- knot  current  setting  south-west,  and  determine  the 
alteration  <>f  direction  hy  eoni|*as.s  in  order  that  the  steamer  should  make 
a  bfUi  northerly  course.     (LC.  E.,  Ort,,  I9i<2*) 

23.  Explain  what  is  meant  hy  the  instantaneous  axis  of  a  link.  A 
horizontal  engine  has  a  eon  net- ting-roil  live  cranks  in  length.  Find  the 
Telocity  ratio  of  slide-block  and  < -rank -pin  at  one  quarter  stroke.  What  is 
the  mean  velocity  ratio  of  crank-pin  and  slide  hlnek  ?     (I.C.E.,  Fefu3  190:*.) 

*24.  Explain  how  to  determine  the  relative  velocity  of  two  bodies*  A  is 
travelling  due  mirth  at  constant  speed.  When  B  is  due  \w*\  of  A  and  at  a 
distance  of  2\  miles  from  it,  H  starts  Ira  veiling  north  east  with  the  same 
constant  speed  as  A.  Determine  graph  ieallyj  or  otherwise,  the  least 
distance  which  B  attains  from  A.     (LC.E  ,  Feb.,  1903. J 
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LECTURE  XXL 

Contents. — Quantity  of  Motion — Definition  of  Momentum — Example  I. — 
Newton's  Laws  of  Motion— Examples  II.  and  III.  -  Motion  on  a  Doable 
Inclined  Plane —Examples  IV.  and  V. — Energy — Definition  of  Energy 
— Definitions  of  Potential  and  Kinetic  Energy— Expression  for  Kinetio 
Energy  —  Energy  Equations  -—  Examples  VI.,  VlL,  and  VIII. — 
Questions. 

Quantity  of  Motion. — In  the  preceding  Lecture  we  have  confined 
our  attention  chiefly  to  cases  of  pure  motion — that  is,  motion  con- 
sidered apart  from  mass  and  force.  In  this  Lecture  we  shall 
treat  of  the  motion  of  bodies  as  produced  by  the  action  of  external 
forces,  and  establish  the  relations  between  the  quantity  of  motion 
thus  produced  and  the  magnitude  of  the  forces  producing  it 
Quantity  of  motion  is  measured  by  the  product  of  the  mass  and 
its  velocity.  The  term  Momentum  is  used  instead  of  Quantity  of 
motion,  and  hence  we  get  the  following : — 

Definition.— The  momentum  of  a  moving  body  is  the  product 
of  its  mass  and  velocity. 

Thus,  let  m  be  the  mass,  and  v  the  velocity  of  a  body  : — 

Then,  Momentum  =  m  v. 

Example  I. — Of  two  steam  hammers,  one  weighs  5  tons  and 
the  other  10  tons.  The  former  has  a  drop  of  10  feet  and  the 
latter  6  feet.  Compare  their  momenta  at  the  end  of  their  respec- 
tive strokes. 

Answer. — In  order  to  find  their  velocities  at  the  moment  of 
impact,  we  may  employ  formula  (VI&)  of  Lecture  XX.  : — 

«*2  =  2gs, 

.\  for  the  first  hammer,  t^  =  >^/2  x  32  x  10  =  8  VTO  ft.  per  sec. 

A  hammer*1"  "**  }«'  =  V«^W7T-  8  Jt        „ 
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Momentum    of  \  __  _         ' 

m     first  hammer     I  _  m1v1  _  5  x  8>^/l0  _   *Jb  1 

Momentum    of  |       m2  v2  ~~  10  x  8^/6  "  2^/f  "  f549' 
second  hammer; 

Newton's  Laws  of  Motion — The  three  fundamental  laws  of 
Dynamics,  called  Laws  of  Motion,  were  first  clearly  set  forth  by 
Newton,  and  may  be  stated  as  follows : — 

Law  I.  (Law  of  Inertia). — Every  body  continues  in  a  state  of 
rest,  or  of  uniform  motion  in  a  straight  line,  except  in  so  far  as  it 
may  be  compelled  to  change  that  state  by  external  force  acting 
on  it 

Law  II.  (Law  of  Force  and  Motion). — Rate  of  change  of 
momentum  is  proportional  to  the  force  which  causes  it,  and  takes 
place  in  the  direction  of  the  force. 

Law  III.  (Law  of  Stress).—  When  two  bodies  mutually  act 
upon  each  other,  the  momenta  developed  in  the  same  time  are 
equal  but  opposite  in  direction. 

Or,  To  every  action  there  is  an  equal  and  opposite  reaction. 

Law  I. — This  Law  asserts  that  matter  is  indifferent  to  motion, 
i.e.,  has  no  innate  tendency  to  start  into  motion  when  at  rest, 
nor  to  change  its  motion,'  either  in  magnitude  or  in  direction, 
when  once  it  is  made  to  move.  Hence,  a  body  at  rest  or  in 
motion,  and  unacted  upon  by  force,  will  continue  to  remain  at 
rest,  or  to  move  on  in  a  straight  line  with  uniform  motion. 
Should  any  change  take  place  in  its  motion,  then  we  immediately 
infer  that  the  body  has  been  acted  upon  by  some  external  force. 
This  tendency  of  matter  to  resist  change  in  its  state  of  rest  or 
of  uniform  motion  in  a  straight  line  is  called  Inertia,  and  the 
first  Law  is  often  spoken  of  as  the  Law  of  Inertia. 

Law  II — The  first  Law  asserts  that  change  of  momentum  is 
caused  by  the  action  of  force,  and  the  second  Law  gives  us  a 
means  of  measuring  this  force,  viz.,  that  the  force  is  proportional 
to  the  rate  of  change  of  momentum. 

Let     F  =  Force  producing  change  of  momentum. 
„      m  =  Mass  of  body. 
99  *>v  v2  =  I^tial  and  final  velocities  of  body. 
„         t  =*  Time  during  which  F  acts. 

Then,  Change  of  momentum  =  m(v2  -  vl). 

And,  Bate  of  change  of  )    =  ffl(*>a  :  vi)m 

momentum  )  t 
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•*.  By  the  Second  Law  of  Motion,  we  get :— 

Or,  F  =  *<*>-<>  x  constant 

It  now  remains  to  establish  the  exact  relation  between  those 
quantities.  If  we  accept  the  definition  of  Unit  Force  given  on 
page  2,  Lecture  L,  Vol  L,  as  being  that  force  which,  acting  for 
unit  time  on  unit  mass,  produces  unit  change  of  velocity,  we  find 
the  numerical  value  of  the  constant  in  the  above  equation  to  be 
unity. 

ie  F-^ZL^) 

i.e.,  X    —  . 

But  we  have  shown  in  Lecture  XX.  that : — 

where  a  denotes  the  acceleration  produced  when  the  motion  is 
uniformly  accelerated. 

P  -  m  a. 

The  above  definition  is  that  of  the  Absolute  Unit  of  Force ; 
and,  therefore,  the  force,  F,  as  given  by  these  equations,  is  ex- 
pressed in  absolute  units.  Engineers,  however,  prefer  measuring 
their  forces  by  the  weights  which  they  are  capable  of  supporting, 
and  the  above  equations  may  be  modified  to  suit  these  units. 
Let  P,  Pp  be  the  statical  measures  of  the  forces  required  to 
produce  accelerations,  a,  av  on  a  given  mass,  m ;  then  by  Law 
II.,  we  get : — 

P  :  Px  =  a  :  av 

If  one  of  these  forces  be  that  due  to  gravity,  viz.,  the  weight, 
to,  of  a  body,  then  the  aceleration  is  g,  and  we  get : — 

P  :  w  =  a  :  g. 

Or,  P  =  ^ (I) 

9  V  ' 

This  equation  expresses  the  force,  P,  in  the  same  units  as  to, 
and  if  w  be  stated  in  pounds  ireight  that  will  be  in  what  we 
have  previously  called  gravitation  units. 
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Law  III. — This  Law  asserts  that  when  two  bodies  mutually 
act  upon  each  other,  the  momenta  generated  in  each  are  equal, 
but  in  opposite  directions.  Thus,  when  a  shot  is  fired  from  a 
gun,  the  force  of  the  explosion  produces  momentum  in  the  gun 
equal  in  amount  to  that  of  the  shot,  and  causes  the  recoiL  We 
shall,  however,  see  later  on  that  the  other  effects  produced  in 
the  gun  and  the  shot  are  not  numerically  equal.  In  the  case  of 
mutual  action  between  two  bodies  incapable  of  relative  motion, 
the  Law  asserts  that  they  act  and  react  on  each  other  with 
equal  forces.  Thus,  a  weight  lies  on  a  table,  and  presses  on  it 
with  a  certain  force ;  then  the  table  reacts  on  the  weight  with 
an  equal  and  opposite  force,  so  that  every  action  is  accompanied 
by  an  equal  and  opposite  reaction. 

The  truth  of  this  Law  has  been  assumed  throughout  the  whole 
of  the  preceding  parts  of  this  treatise — viz.,  that  the  effort 
exerted  between  two  bodies  is  always  equal  to  the  resistance 
overcome.  The  two  equal  and  opposite  forces  caused  by  the 
mutual  action  between  two  bodies  are  together  spoken  of  as  a 
Stress,  and  for  this  reason  the  above  Law  is  sometimes  called 
the  Law  of  Stress.  The  subject  of  internal  stress  will  be  discussed 
in  another  part  of  this  work. 

We  shall  now  apply  the  preceding  results  to  some  examples. 

Example  II. — A  40-1  b.  shot  is  fired  from  a  5-ton  gun  with  an 
initial  velocity  of  1,500  feet  per  second.  Find  the  velocity  of 
the  gun's  recoil,  and  the  mean  force  of  the  explosion,  supposing 
the  gun  to  be  10  feet  long. 

Answer. — Let  W,  w  =  Weight  of  gun  and  shot  respectively. 

„    V,  v    «  Velocity  „  „ 

(1)  By  the  Third  Law;— 

Momentum  of  gun  =  momentum  of  shot, 

WV  =  wv 

».*.,  5  x  2240  x  V  =  40  x  1500, 

„       40  x  1500 


5  x  2240 


=  5*36  ft.  per  sec. 


(2)  In  order  to  find  the  mean  effort  exerted  during  the 
explosion  of  the  powder,  we  must  first  determine  the  accelera- 
tion of  the  shot  along  the  muzzle  of  the  gun.  Since  the  gun 
is  10  feet  long,  and  the  velocity  of  the  shot  as  it  leaves  the 


36  LECTURE    XXI. 

gun  is  1,500  ft.  per  second,  we  get,  from  the  formula  (VIa)» 
Lecture  XX. : — 

v»  =  2a*, 

.\     1500*  -  2  x  a  x  10, 

a  =  — ofp  =  112,500  ft.  per  second  per  second. 

But,       P  -  -  x  a, 
9 

p  -  5?  *  112,500  =  140,625  lbs. 

Example  III. — A  railway  train,  exclusive  of  engine,  weighs 
200  tons,  and  moves  on  a  level  line.  In  10  minutes  its  speed  is 
increased  from  10  miles  per  hour  to  40  miles  per  hour.  Deter- 
mine the  mean  pull  between  the  engine  and  train,  the  frictional 
resistances  being  taken  at  10  lbs.  per  ton. 

Answer. — The  pull  between  the  engine  and  train  consists  of 
two  parts;  (1)  the  force  required  to  accelerate  the  train,  and  (2) 
the  force  required  to  overcome  the  frictional  resistances. 

(1)  Let  T*x  =  Force  required  to  accelerate  the  train, 

Then,     P       ^  =  ^X^l\ 
1        9  9*> 

44 
But,        vx  =  10  miles  per  hour  =  -«-  ft.  per  second. 

in  176 

And,        t  =  10  minutes  =  600  seconds. 
200  x  2240  x  (11?  -  *i) 

•'•      pi wrm - 1026'8  *■■ 

(2)  The  resistance  of  friction  being  10  lbs.  per  ton, 

The  total  frictional  resistance  =  P2  =  200  x  10  -  2000  lbs. 

Mean  pull  between  1  =  Px  +  P2  =  1026-6  +  2000 
engine  and  train  J  =  30266  lbs. 
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Motion  on  a  Double  Inclined  Plane.— Let  A  BC,  DBG,  he  the 
two  planes  placed  hack  to  backf  and  let  Wj,  l>e  the  ascending, 
and  Wfl,  the  descending  load,  these  loads  being  connected  by  a 
weightless  rope  passing  over  a  frictionless  and  weightless  pulley 
at  B.  We  require  to  determine  the  motion — i*e.r  the  acceleration 
of  the  bodies,  and  the  tension  in  the  connecting  rope. 

Let    av  a2  =  Inclinations  of  planes  ABU,  DEO  respectively, 

it     P*v  fi±  -  Coefficients  of  friction  between  \Y1(  W2,  and  their 
respective  planes, 

„    Fp  F2  =  Fractional  resistances  in  the  two  cases. 

,t    Pj,  P2  =  Effective  forces  acting  on  W1?  W2  respectively 
in  causing  motion. 

„  Q  -  Tension  in  connecting  rope, 

„  a  =  Acceleration  due  to  effective  forces  Yv  P2, 

Then,  the  effective  force  causing  the  uptvard  motion  of  W1J 
is: — 

p1  ^  Q  -  Wj  sin  olx  -  Fr 


Double  Inclined  Flake, 

Similarly,  the  effective  force  in  causing  the  downward  motion 
of  \V2,  is: — 

Pa  =  W2  sin  a,2  -  Q  -  FT 

Bufcj  J?y  =  Pl  Wj  COS  VLV 

And,  Fs  =  /^j  W3  cos  &r 

Pt  =  Q  -  Wj  (sin  «!  +  ^  cos  ax)%  ,     ,     ,     .     (1) 


And, 
Again, 

And, 


1^  =  WK  (sin  otg  -  p2  cos  <%)  —  Q. 


Pi  = 


¥1 
9 


w 

P.  =  _»  a. 


<2) 
(3) 

(*> 


. 
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To  determine  the  acceleration,  a : — 
From,  (1)  +  (2), 

Pj  +  P2  -  W2(sina2  -  j&2cosa2)  -  W^sinc^  +  /^cosc^) 
From,  (3)  +  (4), 

P,  +  P«  =  — * *  x  a. 

9 

— 1 ?  x  a  =  W2(sina2  -  /x2cosa2)  -  W1(sina1  +  /^cobOj), 

Wfi(Binag  -  ^C08a2)  -  W^BJn^  +  ^COSttJ  «. 

a  Wx  +  W2  »•  v    / 

To  determine  the  tension  in  the  rope : — 

—       ,.       /1V       /rtV  P,      Q-W^sina,  +  ,c*,cosa1) 

Equatxon  (1)^(2),  J-^L-L-J—^, 

Q  -  W1(8in«1  +  ^cosa^  _  Wj 
W2  (sin  a2  -  /*2  cos  a2)  -  Q      W2* 
•*•  (^i +  Wj)Q  =  W1W2(sina1  +  ^cosa,  +  sina2  -  /t^cosc^) 

W1W2(sina1  +  sin«2  +  ^COSflt)  - /*2C08«2)    (  U) 
V~  Wi  +  Wj  v      ' 

We  shall  show  how  these  form ul 89  are  modified  to  suit  some 
particular  cases,  but  the  student  should  try  to  prove  each 
particular  case  independently  of  the  general  case  just  de- 
monstrated. 

Case  I. — Suppose  the  planes  to  be  equally  inclined  to  the 
horizon,  and  equally  rough,  so  that  c^  =  «2  =  a,  and  p^  =  /&2 
=  fi ;  then,  from  equation  (II) : — 

_  W2  (sin  a  -  p  cos  a)  -  Wt  (sin  a  +  p  cos  a) 
a  "  Wx  +  W2  9' 

.     -      (W,  -  WQsin  «  -  j*(W2  +  W^cos  « 

..    a wx  +  W2  '    '    •    (lla> 

From  equation  (III), 
_  2W1W28in« 
g  "     Wx  +  W2 <m"> 
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Case  TI. — Let  the  planes  be  equally  inclined,  and  smooth ;  so 
that  «j  =  a2  =  a,  and  ^  =  jm2  «=  0 ;  then,  from  equation  (II) : — 

Wo  sin  a  -  W,  sin  a 
*°  Wt4wl 9, 

(W„  -  W,)  sin  a  /TT  . 

fl=      WI  +  W,     g W 

And  from  equation  (III), 

*-%-\&$T    o*> 

Equations  (Ilia)  and  (I  lift)  show  that  the  degree  of  rough- 
ness of  the  planes  does  not  affect  the  tension  in  the  rope,  when 
the  planes  are  equally  inclined  to  the  horizon. 

Case  III. — Let  the  plane,  AB,  be  horizontal,  and  a*i  —  M* 
=  fi,  and  suppose  W2  by  falling  vertically  to  drag  Wx  along 
AB.  In  this  case  a,  =  0,  and  a„  =  90° ;  then,  from  equation 
(II):- 

W2  (sin  90°  -  /i  cos  90°)  -  Wt  (sin  0  +  ft  cos  0) 
• W,  +  W2  9' 

•••  °-Ttf^' <"<> 

And  from  equation  (III), 

Q  =  ^lWdL±j4  (HI.) 

Case  IV". — In  the  previous  case,  let  the  horizontal  plane  be 
smooth,  so  that,  /*  =  0 : — 

Then,  fl  =  w-B_^ (H,) 

A^  «  =  Wr^ <m-> 

Case  V. — Suppose  the  weights  to  be  suspended  over  the 
frictionless  and  weightless  pulley  B,  and  the  parts  of  the  rope 
to  hang  vertically. 

In  this  case,  ax  =  *%  90° ;  /^  =  ^2  =  °  >  t^ien : — 
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From  equation  (II), 
From  equation  (III), 

«=4rr% <m«> 

These  last  equations  are  of  great  importance  to  the  student  of. 
Theoretical  Mechanics,  because  they  enable  him,  by  means  of  an 
Atwood's  machine,  to  determine  the  value  of  g,  at  the  place 
where  the  experiment  is  conducted. 

Example  IY. — A  cage  weighing  1  ton  is  being  raised  from  a 
mine  with  an  acceleration  of  10  feet  per  second.  Find  the 
tension  in  the  rope.  If  a  miner,  whose  weight  is  150  lbs.,  is 
raised  with  the  cage,  find  the  pressure  between  him  and  the 
cage.  Again,  if  the  cage  be  lowered  with  the  same  acceleration, 
what  would  then  be  the  tension  in  the  rope,  and  the  pressure 
between  the  man  and  cage  1 

Answer. — (1)  To  find  tension  in  rope  during  ascent  of  cage. 

Let  W  «  Weight  of  cage  =  1  ton  -  2,240  lbs. 
„     w  —  Weight  of  man  =  150  lbs. 
„     Q  =  Tension  of  rope  in  lbs. 
„      a  —  Acceleration  of  cage  =  10  ft.  per  sec.  per  sec. 

Then,  neglecting  the  weight  of  the  rope,  and  in  the  meantime 
that  of  the  man,  we  get : — 

Effective  pull  causing  motion  =  P  =  Q  -  W. 

W 
But,  by  the  Second  Law  of  Motion,  P  =  — a. 

9 

W 
Q  -  W  =  — a. 

9 

Hence,  Q  =  w[l  +  -\ 

Q  -  2240  *  (l  +  K)  -  2'940  lb8' 

That  is,  the  tension  in  the  rope  is  greater  than  the  weight 
raised  by  700  lbs. 
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If  the  weight  of  the  miner  be  taken  into  account,  we  must 
increase  W,  by  150,  and  then  we  get; — 

Q  =  3136-9  lbs* 

(2)  To  find  the  pressure  between  man  and  cage. 

Pressure  between  ma?i  \         f  Weight  of  man  +  Force  required 
J        |       to  accelerate  His  upward  motion 


and  cage 


w 
—  to  +  — a, 
9 


1  RQ 

Wl  =  150  +  4t^  *  10  =  1969  lbs. 

Under  these  circumstances  he  will  feel  heavier  by  46  fl  Ibi, 

(3)  To  find  tension  in  rope  during  descent  of  cage* 

In  tliis  case,  we  get : — 

Effective  pull  cauHng\  _  p  =  \y  _  n 
motion  J  ■  ~  W> 

W 
And,  P  -  —  x  a, 

9 

W  -  Q  =  ~  x  a, 

9 


Q.W(I-I) 

Q  =  2,240  x  (l  -  |?)  -  1,540  lbs. 


That  is P  the  tension  in  the  rope  is  less  than  the  weight  of  the 
cage  by  700  lbs. 

Similarly,  it  can  be  shown  that  the  pressure  between  the 
man  and  the  floor  of  the  cage  during  descent,  is  103*1  lbs, ; 
or,  4 6" 9  lbs.  less  than  bis  real  weight. 

Example  V. — In  a  double  inclined  plane,  having  a  rise  of 
1  in  20,  the  loaded  and  empty  trucka  run  on  parallel  lines  ol 
rails t  the  connection  being  made  by  means  of  two  ropes  passing 
round  drums  at  the  summit  of  the  plane,     Five  loaded  trucks 
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when  descending  pull  up  an  equal  number  of  empty  ones. 
Each  empty  truck  weighs  5  cwts.,  and  when  loaded  carries 
20  cwts.  of  material.  The  diameter  of  the  drums  at  the  top  of 
the  incline  is  8  feet,  and  on  the  same  shaft  is  fitted  a  brake 
pulley  6  feet  in  diameter.  The  length  of  the  inclined  plane  is 
1  mile.  Taking  the  coefficient  of  friction  between  the  trucks 
and  the  rails  at  20  lbs.  per  ton,  but  neglecting  other  frictional 
resistances ;  determine  (1)  the  acceleration  of  the  trucks  and 
their  speed  at  the  end  of  one  minute  after  starting;  (2)  the 
tension  in  the  ropes  during  the  free  motion  of  the  whole ;  and 
(3)  the  constant  factional  resistance  which  must  be  exerted 
at  the  rim  of  the  brake  pulley,  during  the  last  three-eighths  of 
the  run,  in  order  to  just  bring  the  whole  to  rest  at  the  end  of 
the  journey. 

Answer. — Using  the  same  letters  as  in  the  text. 

Let  W1  =  Total  weight  of  five  empty  trucks  =  25  cwts. 
„     W2  =        „  „  loaded      „       =125  „ 

„     Pj    =  Effective  force  causing  motion  of  Wv 

P     —  W 

„     Q     =  Tension  in  ropes. 
„     a      =  Inclination  of  the  plane. 

„     ft      =  Coefficient  of  friction  =  20  lbs.  per  ton  =  y^h* 

1J.4 

Then,  sin  a  =  ~ ;   and   since   a   is   small   we   may  assume 
cos  a  =  1. 

(1)  To  find  the  acceleration  of  the  trucks. 

The  effective  pull  causing  the  motion  of  the  empty  trucks, 
is: — 

Px  =  Q  -  Wj  (sin  a  +  fi  cos  a), 

...     P1  =  Q-25(I  +  1^xl)=Q-lgcwt    .     .    (1) 

The  effective  pull  causing  the  motion  of  the  loaded  trucks, 
is: — 

P2  8  W2  (sin  a  -  fi  cos  a)  -  Q, 


125 


(i-naxl)-Q-is-Qaw*--  •  <2) 
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Again,  by  Second  Law  of  Motion^  we  get : — 


*i 


_  Wj  25 


9 

W2 
0 


X  a  =  rj:   x  a  cwt. 


x  a  = 


125 
32 


x  a  cwt. 


(3) 


(1)  +  (2), 
(3)  +  (4), 


575      165 


150 
32   xa 


112 
<25 


205 
5C 


cwt. 


(- 

205 
56 


125 


150 
32+-32jXa=   32"°OWt 


^ 


a  =  0*78  ft.  per  sec.  per  sec. 

That  is,  the  trucks  move  with  an  acceleration  of  0*78  foot  per 
second  per  second. 

At  the  end  of  one  minute  from  starting  the  speed  would 
be: — 

v  =  a  t  =  -78  x  60  =  46-8  ft.  per  sec. 

Or,  at  the  end  of  one  minute  they  would  be  moving  with  a 
speed  somewhat  greater  than  30  miles  per  hour. 

(2)  To  find  tension  in  the  ropes. 

Since  we  have  assumed  that  the  machinery  at  the  top  of 
the  incline  offers  no  resistance  to  the  motion,  it  is  evident 
that  the  tension  in  each  rope  will  be  the  same.     Hence  : — 

165 


(1)  +  (2), 


(3)  -  (4), 


Q- 


112   W 


112   112  Q  -  165 
575  -  112  Q* 


Pi 

1 
5 


w0 


1  _ 


25 
125 


1 
5* 


112  Q-  165 
575  -  112  Q' 

1400 
672 


=  208  cwt 
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(3)  To  find  the  Jrictional  resistance  at  the  rim  of  the  brake  pulley 
in  order  to  bring  the  trucks  to  rest  at  the  end  of  the  run. 

Here  we  have  first  to  obtain  the  speed  of  the  trucks  at  the 
instant  when  the  brake  is  applied,  and  then  find  the  retardation 
or  negative  acceleration  necessary  to  bring  the  tracks  to  rest  at 
the  desired  place. 

The  velocity  v,  of  the  trucks  at  the  instant  when  the  brake 
is  applied  is  given  by  the  formula  : — 

«»-*?=  2  a*. 

Where  vx  =  Initial  velocity  =  0  in  this  case. 

„      a  =  Acceleration  just  found  =  0*78  ft.  per  sea  per  sec. 
„       s  =  Distance  traversed  =  $  mile. 

The  acceleration  during  the  application  of  the  brake  may  be 
found  by  the  same  formula.  In  this  case,  however,  the  initial 
velocity  is  t>,  and  the  final  velocity  is  zero. 

Let  al  =*  Acceleration  of  the  trucks  during  the  application  of 

the  brake. 
„    sl  =»  Distance  traversed  =  f  mile. 

Then,  before  the  brakes  are  applied  : — 

t>»-  0*  =  2a$ 

Or,  v»  =  2a«. 

And  after  the  brakes  have  been  applied : — 

02- v»  =  20^, 

Or,     v3  =  -  2  ax  sv 

as          *78  x  j  _  _  _ 

ax  « = —a  -  „  i-3  ft.  per  sec.  per  sec. 

*i  t 

(4)  To  determine  the  tensions  in  the  two  ropes. 

These  will  not  now  be  equal  as  when  the  motion  was  free. 
The  tension  in  the  rope  coming  on  to  the  drum  will  be  much 
less  than  before,  whilst  that  on  the  other  rope  will  be  greater. 

Let  Qj,  Q2  »  Tensions  in  the  ropes  attached  to  the  empty 
and  loaded  trucks  respectively. 
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Then  the  effective  pull  Fv  causing  the  motion  of  the  ascending 
trucks  is  as  before  : — 


Px  =  Qj  -  Wx  (sin  a  +  y*  cos  a) 


But, 


p1  =  ^ 

1  9 


Q1  =  w1{ 
-  =26{21o 


sin  a  +  fi  cos 

1 


•♦?} 


20  +  112  x 


1 


1-3 


32  }CWt" 


25  x  20  5 
1120 


cwt  =  51-25  lbs. 


Similarly,  the  tension  Q^  in  the  rope  attached  to  the  loaded 
trucks  is, 


Qa  =  W2  -J  sin  a  -  fi  cos  a H 

,JI_.Lxl  +  I*l 

(20       112  32  J 

cwt.  -  1143-75  lbs, 


125 

125  x  91-5 


cwt. 


1120 

The  difference  in  the  tensions  in  the  two  ropes  is  caused  by 
the  resistance  offered  by  the  brake.  Hence,  the  resultant  couple 
due  to  this  difference  in  the  tension  must  be  balanced  by  the 
couple  at  the  brake  wheel. 

Let  F  =  Frictional  resistance  at  the  rim  of  the  brake  wheel 
„    R  =  Radius  of  the  drums  =  4  ft. 
„     r  =  Radius  of  brake  wheel  =  3  f t. 

Then,  F  x  r  =  (Q2  -  Qj)  x  R> 

F  x  3  =  (1143-75  -  51-25)  x  4, 

F  -  1456-7  lbs. 

Energy. — If  we  raise  a  body  of  W  lbs.  weight  through  a 
vertical  height  of  h  feet  from  some  given  datum  level,  we 
confer  upon  that  body  the  capability  of  doing  work  equal  to 
WA  ft. -lbs.  For,  in  raising  the  body  we  expend  WA  ft.-lbs. 
of  work,  and  if  it  be  allowed  to  return  to  its  original  level  it 
will  give  out  an  equal  amount  of  work. 
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Again,  we  have  seen  that  if  a  body  be  in  motion  and  its 
speed  reduced,  some  force  must  have  acted  upon  it  in  bringing 
about  this  change  of  state.  Further,  this  resisting  force  must 
have  been  overcome  through  some  distance,  and,  therefore,  work 
is  expended.  Thus,  a  body  in  motion  is  capable  of  doing  work, 
the  measure  of  which  is  the  work  done  against  a  resisting  force 
or  forces  in  bringing  the  body  to  rest. 

This  capability  of  doing  work  which  a  body  possesses  in 
virtue  of  its  position  or  condition  is  called  Energy.  Hence,  we 
have  the  following  : — 

Definition.— The  energy  of  a  body  is  its  capability  of  doing 
work  in  virtue  of  its  Position,  Condition,  or  Motion. 

It  is  usual  to  distinguish  between  that  form  of  energy  due 
to  the  position  or  state  of  a  body,  and  that  due  to  its  motion. 
To  the  former  the  term  Potential  is  applied,  and  to  the  latter 
Kinetic.  This  distinction  may  be  stated  in  the  form  of  a 
definition. 

Definitions.— Potential  Energy  is  that  form  of  energy  which 
a  body  possesses  in  virtue  of  its  Position  or  Condition. 

Kinetic  Energy  is  that  form  of  energy  which  a  body  possesses 
in  virtue  of  its  Motion. 

Thus,  a  raised  weight,  such  as  the  weight  of  a  clock,  or  the 
monkey  of  a  pile-driving  engine,  has  potential  energy  in  virtue 
of  its  position.  In  the  first  case  the  slowly  falling  weight  gives 
up  its  stored  energy  to  the  mechanism  of  the  clock  in  overcom- 
ing friotional  resistances,  and  thus  keeps  the  clock  going,  the 
pendulum  being  simply  a  regulator  or  governor.  In  the  second 
case,  the  monkey  is  allowed  to  fall  freely  and  its  energy  is 
employed  in  forcing  the  pile  into  the  ground  at  the  instant  of 
the  blow.  Similarly,  the  water  in  a  mill  dam  possesses  potential 
energy  due  to  its  position  relatively  to  the  water  wheel.  Again, 
a  stretched  helical  spring,  or  coiled  spiral  spring  such  as  is  used 
in  watches  and  clocks,  possesses  potential  energy  due  to  its 
stretched  condition.  A  lump  of  coal,  or  gunpowder,  has  potential 
energy  in  virtue  of  its  chemical  condition;  a  magnet  has  potential 
energy  in  virtue  of  its  magnetic  condition ;  and  the  steam  in  a 
boiler  has  potential  energy  in  virtue  of  its  heat  condition^  and 
so  on. 

When  the  monkey  of  the  pile  driver  is  at  the  top  of  its  stroke 
its  energy  is  entirely  in  the  potential  form.  When  it  is  descend- 
ing it  is  evident  that  its  potential  energy  is  rapidly  decreasing 
whilst  its  kinetic  energy  is  increasing. 


ENERGY. 


47 


Neglecting  frictional  and  other  resistances,  the  Principle  of 
the  Conservation  of  Energy  (see  Lecture  IV.,  Vol.  I.)  asserts 
that— 

The  Lobs  of  Potential  Energy  =  The  Gain  of  Kinetic  Energy. 

Consequently,  at  the  instant  when  the  monkey  strikes  the 
head  of  the  pile,  the  energy  of  the  monkey  is  wholly  Kinetic. 
The  work  done  in  driving  the  pile  into  the  ground  is  immediately 
derived  from  the  kinetic  energy  of  the  falling  weight,  but  the 
whole  of  this  energy  is  not  thus  employed,  for  the  faces  of  the 
pile  and  monkey  have  been  heated  by  the  blow.  This  shows 
that  part  of  the  energy  stored  in  the  falling  weight  has  been 
transformed  into  heat  energy.  Further,  at  the  instant  of  strik- 
ing, a  loud  noise  is  heard,  which  shows  that  there  is  also  a 
transformation  into  sound  energy.  Thus,  energy  appears  under 
many  different  forms,  such  as  mechanical,  electrical,  chemical, 
heat,  light,  sound,  <fcc.,  and  can,  by  suitable  arrangements,  be 
changed  from  one  kind  into  any  of  the  others.  In  nature  all 
is  change  or  transformation,  but  there  is  no  annihilation;  so 
what  appears  as  a  loss  to  the  engineer  simply  means  change  into 
some  other  form  which  he  does  not  desire,  but  which  he  has  no 
power  to  entirely  prevent. 

Expression  for  Kinetic  Energy.— We  have  already  seen,  that 
the  expression  for  mechanical  potential  energy  is : — 

Potential  Energy  =  EP  =  WA 

Where,      W  -  Weight  of  body, 

And,  h  =  Height  of  body  above  zero  level. 

It  now  remains  to  determine  the  expression  for  kinetic 
energy. 

First,  take  the  case  of  the  raised  weight  whose  potential 
energy  in  its  highest  position  is  WA-,  and  suppose  it  to  fall 
freely.  Its  kinetic  energy  at  the  instant  when  it  strikes  the 
ground  is  : — 

EK  =  WA, 

But,  if  v  =  velocity  at  that  instant,  we  have  : — 
«*  =  29h, 


Or, 


EE  =  ^>-2 


(IV) 
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Thus,  if  the  monkey  of  the  pile  driver  weigh  10  cwts.,  and 
reaches  the  pile  with  a  velocity  of  40  feet  per  second,  it  has 
kinetic  energy : — 

EK  =  ^_LI?^  =  28,000  ft-lbs. 

If  the  pile  be  driven  3  inches  into  the  ground  at  each  blow, 
what  is  the  mean  resistance  offered  to  its  motion,  supposing 
there  are  no  losses  from  heating,  <kc.  1 

Let  Bm  =  Mean  resistance  of  ground  in  lbs. 
„        8  =  Distance  in  feet  through  which  the  pile  is  driven. 

mon/sey  J        (      done  in  falling  troughs*. 

Wv2 

*g 

i*,  Rm  x  ~  -  28,000  +  10  x  112  x  ^ 

Rm  =  113,120  lbs.  =  50-5  tons. 

Energy  Equations. — The  expression  for  the  kinetic  energy 
given  in  equation  (IV)  is  perfectly  general,  and  therefore  in- 
dependent of  the  manner  in  which  the  velocity,  t?,  is  acquired. 
That  is  to  say,  if  a  body  of  weight,  W,  be  moving  with  a  velocity, 
v,  in  any  direction  whatever,  its  kinetic  energy  is  still  given  by 
the  equation : — 

For,  manifestly,  the  direction  of  motion  cannot  in  any  way 
affect  its  energy  state,  other  things  being  equal.  Nevertheless, 
we  can  deduce  the  expression  from  more  general  considerations 
as  follows : — 

Let  a  body  of  weight,  W,  have  its  velocity  changed  in  magni- 
tude from  v,  to  v2  by  a  constant  force  P,  acting  through  a 
distance  8.     Then — 

Change  of  body's  kinetic  \  _  (  Work  done  by  or  against 
energy  J       I      &*  /orce 
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And,    Work  done  by  or  on  P  =  P  x  *. 


But,  by  eqation  (I), 


P  = 


9   ' 


And,  by  equation  (VI),  Lecture  XX., 


8  = 


2a 


P  x  8  = 


W(z;'a  -  v]) 
2ff 


=  change  of  EK.(V) 


If  the  body  start  from  rest,  and  have  a  final  velocity,  v9  we 
get:— 

Change  of  EK  =  -^ —  =  Total  E*  in  body, 
j/ 

which  is  just  the  same  result  as  that  given  by  equation  (IV). 

Next,  take  the  case  of  a  body  moving  with  uniform  velocity, 
v,  against  some  constant  resistance,  F,  which  resistance  may  be 
frictional  or  otherwise.  To  maintain  this  constant  speed  a  force 
equal  to  F  must  act  on  the  body  in  opposition  to  the  resist- 
ance; but  no  part  of  this  force  is  employed  in  changing  the 
kinetic  energy  of  the  body,  since,  by  supposition,  no  change 
occurs  in  its  velocity.     The  kinetic  energy  of  the  body  is  con- 

"WV 

stantly  =  — — ,  and  the  Work  done  against  resistances  =  F  s. 

g 
If,  now,  some  other  force,  P,  acts  on  the  body  in  the  direction 

of  motion,  the  velocity  will  change,  and,  therefore,  the  energy  of 

the  body  will  also  change. 

Let      Q  =  Resultant  force  acting  on  body  =  P  ^  F. 
„  vvv2  =  Velocities  of  body  before  and  after  action  of  P. 
„  8  =  Distance  through  which  body  moves  under  P. 


Then, 


Qx$=Fx$+ 


2<7 


(VI) 


This  is  a  very  general  equation  of  energy,  and  is  sometimes 
stated  thus : — 

Energy  exerted  =  Work  done  +  Change  in  Kinetic  Energy. 

Example  VI.— The  height  and  length  of  an  inclined  plane 
are  20  feet  and  100  feet  respectively :  a  body  weighing  100  lbs. 
is  placed  at  the  top  of  the  plane  and  allowed  to  slide  along  its 
whole  length  j  the  coefficient  of  friction,  between  the  plane  and 

\  ■..■      ■   ■■/  : 
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the  body  is  0*15;  how  many  units  of  work  (foot-pounds)  are 
accumulated  in  the  body,  and  what  is  its  velocity  when  it 
reaches  the  foot  of  the  planet  (You  may  assume  the  pressure 
on  the  plane  equal  to  the  weight  of  the  body).  (S.  &  A.  Adv. 
Exam.) 

Answer. — Let  F  ->  Resultant  force  urging  body  down  the 
plane. 

Then,  F  =  W  sin  a  -  p  R  «  W  sin  a  -  p  W,  very  approximately, 

20 


„  =100^ -015) -5  lbs. 


When  body  reaches  the  foot  of  the  plane,  we  have : — 
EK  =  F  x  I  =  5  x  100  =  500  ft. -lbs. 
Let  v  =  Velocity  at  foot  of  plane. 


Then, 

Wt* 

*9 

=  E„ 

i.e., 

100  x  & 
2  x  32 

=  500, 

• 
•  • 

V 

=  179  ft.  per  sec. 

R 

tiG^ 

to/fc 

Ji 

c 

w 

Diagram  Illustrating  Example  VI. 

The  kinetic  energy  at  the  foot  of  the  plane  could  be  obtained 
immediately  from  equation  (VI),  thus : — 

20 
Energy  exerted=  Wsin  a  x  1=  100  x  ^  x  100  =  2000 ft, -lbs. 

Work  done  -  /*  W I  =  01 5  x  100  x  100  =  1500  ft.-lba. 


Change  in  EM  =  Energy  at  foot  of 'plane  =  - 
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Energy  exerted  =»  Work  done  +  Change  in  EL 


2000  =  1500  + 

EK  at  foot  of)     W  = 
plane         J       2  g 


2<T 
500  ft.-lbs. 


also, 


.-v 


f500  x  2  x  32 


100 


=  17  9  ft.  per  sec. 


Example  VII. — Show  by  a  diagram  the  amount  of  work  done 
in  slowly  compressing  a  spiral  spring  through  6  inches,  supposing 
the  spring  to  shorten  1  inch  for  every  100  lbs.  pressure.  If  a 
weight  of  100  lbs.  falls  from  a  height  of  4  feet  on  the  top  of  the 
spring,  how  much  will  it  be  compressed  1  (S.  &  A.  Adv.  Exam., 
1892.) 

Answer. — As  explained  in  Lecture  II.,  Vol.  I.,  the  diagram 
of  work  done  in  slowly  compressing  a  spiral  spring,  is  a  right 
angled  triangle  whose  base  represents  the  compression  produced, 
and  its  perpendicular  side  the  force  required  to  produce  that 
compression. 


P=G00lbi. 


-6" -> 

Diagram  Illustrating  Example  VII. 

Let  ABC  represent  the  diagram  of  work  done  in  slowly  com- 
pressing the  spring. 

Where,  A  C  =  Compression  produced  =  6". 

And,  O  B  =  Force  required  =  P. 

Let,  DE^  Force  required  to  compress  spring  1", 

=  p  =  100  lbs. 
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Then,  P:p-CB:DE  =  AC:AD. 

That  is,       P  :  100  -V  :  1*. 
P  =  600  lbs. 
Work  done  -JP  x  L  =  J  x  600  x  6" 

K 


1800  in. -lbs. 


Diagram  Illustrating  Example  VIL 

Next,  suppose  the  spring  to  be  compressed  by  a  weight  which 
falls  from  a  height  of  4  feet. 

Let  x  =  Number  of  inches  by  which  spring  is  compressed  by 
falling  weight. 

Then,     48  +  x  =  Number  of  inches  through  which  weight 
actually  falls. 

Since  a  force  of  100  lbs.  is  required  to  compress  the  spring 
1  inch,  a  force  R  =  100  x  lbs.  will  be  required  to  compress  it 
x  inches. 

But, 

Work  done  in  compress-  \  _  J  Work  done   by  falling 
ing  spring  )  ~  {      weight. 

\  R  x  x  -  W  (48  +  x). 

\  x  100  a  x  x  =  100(48  +  x). 

That  is,  x*  =  2  x  +  96. 

Or,  x  =  10-85  inches. 

Example  VIII. — A  blowing-fan  30  inches  in  diameter  revolves 
at  a  speed  of  1,000  revolutions  per  minute,  and  propels  the 
wind  with  a  velocity  equal  to  £  of  the  velocity  of  the  tips  of  the 
vanes ;  the  wind  is  driven  through  a  pipe  having  a  sectional  area 
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of  200  square  inches.  Neglecting  the  power  that  is  required  to 
overcome  friction,  will  you  show  the  amount  of  power  which  is 
required  to  force  the  above  quantity  of  air?  Work  it  out  in 
arithmetic,  either  by  the  law  of  falling  bodies  or  in  any  better 
way  that  may  suggest  itself  to  you.     (S.  <fc  A.  Hons.  Exam.) 

Answer. — This  is  simply  a  question  on  work  aad  energy. 

Let  W  =  Weight  of  air  expelled  from  fan  per  second, 
„      A  =  Sectional  area  of  delivery  pipe  of  fan  =  200  sq.  ins. 
„       v  =  Velocity  of  air  as  it  leaves  tips  of  vanes. 

Then,       «  =  J  x   Velocity  of  tips  of  vanes 

„  =  I  x  vdn 

7       22       30        1000      ,,,„* 
"  =  8  X  T  X  12   X  "6F  ~  1U'6  *  Per  8eC' 

Volume  of  air  expelled  1  _  a 
per  second  J  ~~      v 

200 
„  „  =  =^j  x  114-6  =  159-16  cub.  ft.  per  sec. 

By  calculation  from  the  density  of  air,  it  can  be  shown  that 
13  cubic  feet  of  air  at  atmospheric  pressure  weigh  1  lb.  very  nearly, 
and  assuming  this,  we  get  :— 

Weight  of  15916  cub.  ft.  =  W  =  ^—^  -  12-24  lbs.  nearly. 

W  v2 
Hence,  Work  done  per  sec.  =  Energy  exerted  =  —r — 

12-24  x  114-62      1U 
" 2  x  32 Pef  SeC* 

12-24  x  114-62  x60„  ,. 

If  »  =    o.QO ft'-lbfl-  Per  ^^ 

M      X      Oil 

up  ******      12>24  *  H4-6«  x  60      ..„        . 
H.P.  exerted  =  --—^-^^^  =  4*7  nearly. 
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Lkcturk  XXI. —Questions. 

1.  Define  momentum,  and  state  how  it  is  measured.  State  and  explain, 
by  aid  of  examples,  Newton's  three  laws  of  motion.  A  shot  weighing  half 
a  ton  is  fired  from  a  100- ton  gun  with  a  velocity  of  2,000  feet  per  second. 
Neglecting  the  weight  of  the  powder,  find  the  velocity  of  the  gun's  recoil. 
Anx.  10  feet  per  second. 

2.  A  man  weighing  140  lbs.  descends  in  a  lift  with  an  acceleration  equal 
to  \g.  What  pressure  does  he  exert  on  the  floor  of  the  lift?  How  would 
your  answer  differ  if  the  lift  were  ascending  instead  of  descending  ?  Ans. 
122-5  lbs.;  157  5  lbs. 

3.  A  railway  train,  exclusive  of  engine,  weighs  150  tons,  and  in  starting 
along  a  level  line  from  rest  it  attains  a  speed  of  30  miles  an  hour  in 
5  minutes.  What  has  been  the  mean  pull  between  the  engine  and  train, 
tho  resistance  being  taken  at  10  lbs.  per  ton  ?    Ans.  3,040  lbs. 

4.  A  locomotive  and  its  train  weigh  220  tons,  and  the  frictional  resist- 
ance at  all  8]>eed8  may  be  taken  at  2,000  lbs.  If  the  tractive  force  of  the 
engine  is  constantly  3,500  lbs.,  find  in  what  time  from  starting  the  train 
can  attain  a  speed  of  40  miles  per  hour  (1)  on  a  level  line,  and  (2)  going 
down  an  incline  of  1  in  220.  Find,  also,  the  distance  travelled  in  both 
cases  in  attaining  the  above  speed.  Ans.  (1)  10  minutes  2  seconds,  3 '34 
miles  ;  (2)  4  minutes  1  second,  1  *34  miles. 

5.  In  a  steam  engine,  the  piston,  which  is  40  inches  diameter  and 
weighs  2,000  lbs.,  comes  off  the  rod  just  as  it  is  commencing  its  inward 
stroke.  The  mean  steam  pressure  is  50  lbs.  per  square  inch.  Find  the 
velocity  with  which  the  piston  will  strike  the  cover  at  the  opposite  end  of 
the  cylinder,  the  stroke  being  4  feet.     Ans.  89*7  feet  per  second. 

6.  One  end  of  a  string  is  fixed ;  it  then  passes  over  a  movable  pulley  to 
which  a  weight,  W,  is  attached.  The  string  then  passes  over  a  fixed 
pulley,  and  a  smaller  weight,  w,  is  attached  to  its  other  end,  all  three 
sections  of  the  string  being  vertical.     Show  that,  neglecting  the  weights 

of  the  pulleys,  the  acceleration  with  which  W  descends 

Verify  this  result  (1)  when  to  is  small  compared  with ' 

W  is  small  compared  with  w.     (Wool.  Hoy.  Milly.  Acad.  Exams.) 

7.  It  is  very  evident  that  a  railway  train  requires  a  considerable  amount 
of  force  to  set  it  in  motion,  but  there  is  a  popular  notion  existing  that  a 
less  amount  of  power  or  force  is  required  to  bring  the  same  train  to  a 
state  of  rest.  Will  you  explain  clearly  the  natural  principles  upon  which 
the  whole  case  depends,  and  compare  the  force  necessary  both  for  giving 
motion  to  the  train  and  in  producing  the  opposite  condition  ?  (S.  &  A. 
Hons.  Exam.) 

8.  Distinguish  between  work  and  energy,  and  between  potential  and 
kinetic  energy.  Give  examples  of  both  forms  of  energy.  State  the 
principle  of  the  conservation  of  energy,  and  show  its  connection  with  the 
axiom  that  "  perpetual  motion  "  is  impossible.  A  simple  pendulum  is 
pulled  aside  till  its  heavy  bob  is  raised  //  inches  vertically,  and  then  let 

go.     Find  its  velocity  when  it  passes  its  lowest  point.     Ant.     /— • 

9.  Prove  the  formula  which  gives  the  number  of  units  of  work  stored 
up  in  a  given  weight  when  moving  with  a  given  velocity.     A  weight  of 


i  W,  and  (2)  when 
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100  lbs.  is  moving  with  a  Telocity  of  64  feet  per  second,  how  many  foot- 
pounds of  work  have  been  expended  in  producing  this  result  ?  (S.  &  A. 
Adv.  Exam.)    Ans.  6,400  foot-pounds. 

10.  A  hammer  head  weighs  5  tons  and  reaches  the  anvil  with  a  velocity 
of  10  feet  per  second ;  what  amount  of  energy  measured  in  foot-pounds,  is 
stored  up  in  the  hammer  at  the  instant  of  the  blow  ?  Ans.  17,500  foot- 
pounds. 

11.  The  head  of  a  steam  hammer  weighs  10  owts.t  and  has  a  fall  of 
8  feet.  If  it  indent  the  iron  on  which  it  falls  by  1  inch,  find  the  mean 
force  exerted  on  the  iron  during  compression.    Ans.  970  cwts. 

12.  Of  two  steam  hammers,  one  weighs  5  tons  and  reaches  the  anvil  with 
a  velocitv  of  10  feet  per  second,  and  the  other  weighs  10  tons  and  reaches 
the  anvil  at  a  velocitv  of  5  feet  per  second  ;  will  you  compare  and  distinctly 
characterise  the  conditions  of  the  blow  of  each  of  the  two  hammers  ?  (S.  i 
A.  Hons.  Exam.) 

13.  Referring  to  a  steam  hammer,  in  which  steam  is  admitted  above  the 
piston  to  assist  gravitation,  will  you  describe  the  combination  of  forces 
at  work  in  producing  the  blow,  and,  as  far  as  you  may  be  able,  the  nature 
of  the  blow  as  depending  on  velocity  and  mass  or  weight  of  the  hammer  at 
the  moment  of  impact?    (S.  &  A.  Rons.  Exam.) 

14.  What  do  you  understand  by  energy,  and  how  is  it  measured  ?  The 
head  of  a  steam  hammer  weighs  50  cwtB.,  steam  is  admitted  on  the  under 
side  for  lifting  only,  and  there  is  a  drop  of  5  feet  What  will  be  the 
average  compressive  force  exerted  during  a  blow  from  this  hammer,  on 
the  supposition  that  the  duration  of  the  blow— that  is,  the  time  during 
which  the  hammer  is  compressing  the  iron  under  operation — is  ^  second  ? 
Ans.  2,236  cwts. 

15.  The  monkey  of  a  pile  driver  weighs  15  cwts.,  and  the  drop  is  6  feet 
The  blow  causes  the  pife  to  go  down  through  4  inches ;  what  is  the  frio- 
tional  resistance  of  the  earth  ?    Ans.  285  cwts. 

16.  Compare  the  force  expended  in  pile  driving  by  a  ram  or  monkey  of 

1  ton  falling  20  feet,  with  that  of  a  weight  of  2  tons  /ailing  10  feet.  If  one 
blow  of  the  former  moves  the  pile  9  inches,  what  is  the  average  resistance 
that  is  opposed  to  its  motion?    (S.  &  A.  Adv.  Exam.,  1896.)    Ans.  (1) 

2  :  1,  (2)  27-7  tons. 

17.  Two  bodies,  weighing  5  lbs.  and  3  lbs.  respectively,  are  connected 
by  a  perfectly  flexible  weightless  string  which  passes  over  a  smooth  pulley. 
The  heavier  body  draws  up  the  lighter.  When  it  has  fallen  through  5  feet, 
what  is  the  kinetic  energy  of  the  bodies  and  the  velocity  ?  (g  =  32.) 
Determine  also  the  acceleration  of  the  system,  and  the  tension  in  the 
string.  Ans.  (1)  10  foot-pounds;  (2)  894  feet  per  second;  (3)  8  feet  per 
second  per  second ;  (4)  3*75  lbs. 

18.  State  Newton's  third  law  of  motion,  and  rive  his  illustrations  of  it. 
Weights  of  5  and  11  lbs.  are  connected  by  a  weightless  thread.  The  latter 
is  placed  on  a  smooth  horizontal  table,  while  the  former  hangs  over  the 
edge.  If  the  bodies  are  then  allowed  to  move  under  the  action  of  gravity, 
what  is  the  tension  of  the  thread  ?  Find,  also,  the  acceleration  produced, 
and  the  kinetio  energy  of  the  system  at  the  end  of  4  seconds.  Ans.  (1) 
3*44  lbs.,  (2)  10  feet  per  second  per  second,  (3)  400  foot-pounds. 

19.  A  train  of  locomotive  and  carriages  weighs  60  tons.  If  it  be  sup- 
posed to  run  down  an  incline  of  1  in  265  for  7}  miles,  starting  with  zero 
velocity,  unopposed  by  anything  but  ite  own  inertia,  and  unaocelerated  by 
anything  but  its  own  weight ;  what  would  be  ite  velocity,  its  momentum, 
and  its  Jcinetic  energy  at  the  foot  of  the  incline?  Ans.  97*84  feet  per 
second,  5,870  foot-tons  per  second,  8,926  foot-tons. 
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20.  What  meaning  do  you  attach  to  the  phrase  horse -potcer  ?  A  fire- 
engine  pump  is  provided  with  a  nozzle,  the  sectional  area  of  which  is 
1  square  inch,  and  the  water  is  projected  through  the  nozzle  with  a  velocity 
of  130  feet  per  second ;  find  the  horse-power  of  the  engine  required  to 
drive  the  pump,  irrespective  of  the  loss  by  resistance  of  the  working  parts. 
The  weight  ot  a  cubic  foot  of  water  is  624  lbs.  (S.  &  A.  Hons.  Exam.) 
Ans.  271  H.P. 

21.  State  Newton's  second  law  of  motion.  Explain  briefly  how  the 
measure  of  force  is  derived  from  this  law.  Id  the  equation  P  =  mf,  in 
what  units  is  P,  when  the  units  of  mass,  distance,  ana  time  are  a  pound, 
a  foot,  and  a  second  ?    (S.  k  A.  Adv.  Theor.  Mechs.  Exam.,  1896.) 

22.  A  steam  engine  is  employed  to  raise  coals,  and  it  is  calculated  that 
in  order  to  set  in  motion  the  winding  drums,  flywheel,  cages,  ropes,  Ac, 
which  are  concerned  in  the  motion,  it  has  to  do  the  work  of  imparting 
a  linear  velocity  of  36  feet  per  second,  to  60  tons  of  material  in  Haifa- 
minute  at  each  lift.  What  effective  horse-power  is  consumed  in  over- 
coming the  inertia  of  the  aggregate  weight  of  60  tons,  and  in  setting  up 
the  velocity,  estimated  as  above  stated,  in  the  time  assigned  ?  (8.  «  A. 
Hons.  Exam.)    Ans.  165  H.P. 

23.  In  lifting  water  into  a  tender  by  a  scoop  running  along  a  trough 
while  the  train  is  going  at  rapid  speed,  the  height  of  the  lift  is  7|  feet. 
What  speed  in  miles  per  hour  will  just  cause  the  water  to  be  lifted  through 
that  height?    (S.  &  A.  Hons.  Exam.)    Ans.  15  miles  per  hour  nearly. 

24.  A  vertical  pipe,  carried  by  the  tender  of  a  locomotive  engine,  and 
terminating  in  a  scoop  with  a  flat  mouth,  picks  up  water  from  a  trough 
laid  on  a  railway.  If  the  speed  of  the  engine  and  tender  be  22  miles  per 
hour,  find  the  height  to  which  the  water  will  rise  in  the  pipe.  Upon  what 
theory  do  you  proceed  ?  Ans,  16  3  feet. 

25.  A  hammer  head  of  24  lbs.,  moving  with  a  velocity  of  50  feet  per 
second,  is  stopped  in  0*001  second.  What  is  the  average  force  of  the 
blow?  What  do  you  mean  by  this  average?  What  is  the  difference 
between  a  time  average  and  a  space  average  ?  When  are  they  the  same  ? 
(S.  &  A.  Adv.  Exam.,  1897.) 

26  A  body  of  4  lbs.  moving  with  a  speed  of  20  feet  per  second  over- 
takes one  of  200  lbs.  moving  at  2  feet  per  second  in  the  same  direction. 
When  the  collision  events  are  finished  (friction  stilling  the  relative  motions) 
and  both  bodies  go  on  together,  what  is  their  common  velocity  ?  What 
mechanical  energy  has  been  lost?    (S.  &  A.  Hons.  Exam.,  Part  I.,  1898.) 

27.  A  body  of  200  lbs.  is  acted  on  by  a  force  Ft  which  alters.  No 
other  force  acts  on  the  body.  When  the  body  has  passed  through  the 
distance  x  feet,  the  force  in  pounds  is  as  follows : — 
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Using  either  a  graphical  or  arithmetical  method,  find — 

(a)  The  average  force  acting  on  the  body  through  this  total  dis- 
tance of  1  foot. 

(b)  The  work  done  upon  the  body  from  x  =  0  to  x  =  '4. 

(c)  The  answer  to  (b)  being  the  kinetic  energy  added  to  the  body ; 

if  the  velocity  was  0  when  x  is  0,  what  is  the  velocity  when 
x  =  -4?    (S.  &  A.  Adv.  Exam.,  1898.) 
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2*.  Prove  the  formula  for  the  kinetic  onergy  of  a  moving  body.  A  ball 
weighing  1  lb.  moving  at  1,200  feet  per  second  passes  through  a  plate  of 
iron  in  0*002  second,  and  its  velocity  is  reduced  to  200  feet  per  second. 
Find  the  work  done  in  passing  through  the  plate,  and  the  average  force 
during  the  time  of  its  passage.    (S.  ana  A.  Adv.,  1899.) 

29.  A  machine  is  found  to  have  300,000  foot-pounds  stored  in  it  as 
kinetic  energy  when  its  main  shaft  makes  100  revolutions  per  minute. 
If  the  speed  changes  to  98  revolutions  per  minute,  how  much  kinetic 
energy  has  it  lost  ?  A  similar  machine  (that  is,  made  to  the  same  drawings 
but  on  a  different  scale)  is  made  of  the  same  material  but  with  all  its 
dimensions  20  per  cent,  greater.  What  will  be  its  store  of  energy  at 
70  revolutions  per  minute  ?  What  energy  will  it  store  in  changing  from 
70  to  71  revolutions  per  minute?    (B.  of  E.  Adv.  &  H.,  Part  I.,  1901.) 

30.  A  body  weighing  1,610  lbs.  is  lifted  vertically  by  a  rope,  there  being 
a  damped  spring  balance  to  indicate  the  pulling  force,  F  lbs. ,  of  the  rope. 
When  the  body  has  been  lifted  x  feet  from  its  position  of  rest,  the  pulling 
foroe  was  automatically  recorded  as  follows : — 
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(using  squared  paper).  Find  approximately  the  work  done  on  the  body 
when  it  has  risen  70  feet.  How  much  of  this  is  stored  as  potential  energy, 
and  how  much  as  kinetic  energy?  What  is  then  the  velocity  of  the  body? 
Find  the  velocity,  v,  feet  per  second  for  values  of  x  of  10,  30,  50,  70, 
and  draw  a  curve  showing  the  probable  values  of  v  for  all  values  of 
x  up  to  80.     In  what  time  does  the  body  get  from  x  =  45  to  x  =  55  ? 

(B.  of  E.  Adv.  &  H.,  Part  I.,  1901.) 

31.  An  electric  tramcar,  loaded  with  52  passengers,  weighs  altogether 
10  tons.  On  a  level  road  it  is  travelling  at  a  certain  speed.  For  the 
purpose  of  finding  the  tractive  force,  the  electricity  is  suddenly  turned 
off,  and  an  instrument  shows  that  there  is  a  retardation  in  speed:  how 
much  will  this  be  if  the  tractive  force  was  315  lbs.  ?  If  the  tractive  force 
is  found  on  several  trials  to  be  on  the  average — 

342  lbs.  when  the  speed  is  12  miles  per  hour, 
315    „  „  ,,  10     „  „ 

294    ,,  ,,  ,,  8     ,,  „ 

what  is  the  probable  tractive  force  at  9  miles  per  hour? 

(B.  of  E.  Adv.  k  H  ,  Part  I.,  1901.) 

32.  A  car  weighs  10  tons,  what  is  its  mass  in  engineers*  units?  It  is 
drawn  by  the  pull,  P  lbs. ,  varying  in  the  following  way,  t  being  seconds 
from  the  time  of  starting : — 
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The  retarding  force  of  friction  is  constant,  and  equal  to  410  lbs.     Plot 
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P  -  410  and  the  time,  t,  and  find  the  time  artrage  of  this  excess  force. 
Whnt  does  this  represent  when  it  is  multiplied  by  22  seconds?  What 
is  the  speed  of  the  car  at  the  time  22  seconds  from  rest?  Tabulate 
values  of  speed  and  time,  and  draw  a  curve  showing  speed  and  time. 

(B.  of  E.  Adv.  &  H.,  Part  L,  1902.) 
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Lecture  XXL— A. M.Inst. C.E.  Exam.  Questions. 

1.  What  is  meant  by  the  conservation  of  momentum?  A  fireman  holds 
a  round  nozzle  from  which  a  jet  of  water  J  inch  in  diameter  is  projected 
with  a  velocity  sufficient  to  carry  it  to  a  1  eight  of  100  feet.  Find  the 
force  in  lbs.  which  he  has  to  exert  in  holding  t  he . lozzle.    ( I.  C.  E. ,  Oct.  1897. ) 

2.  If  a  man  coasting  on  a  bicycle  down  a  uniform  slope  of  one  in  fifty 
attains  a  limiting  speed  of  8  miles  per  hour,  what  horse-power  must  he 
exert  to  drive  his  machine  up  the  same  hill  at  the  same  speed,  there 
being  no  wind  in  either  case  ?  The  weight  of  man  and  bicycle  together  is 
200  lbs.     (I.C.E.,  Oct.,  1897.) 

3.  Apply  the  prinoiple  of  the  conservation  of  energy  to  find  the  velocity 
of  a  thin  hollow  circular  cylinder  after  rolling  a  distance  of  12  feet  down 
a  plane  inclined  at  a  slope  of  1  vertical  in  5  horizontal.    (I.G.  E. ,  Feb. ,  1898. ) 

4.  Assuming  that  a  train  may  be  accelerated  by  the  application  of  a  force 
equal  to  one -fortieth  of  its  gross  weight  and  be  braked  with  a  force  equal  to 
one-tenth  of  its  cross  weight,  find  the  least  time  in  which  it  may  be  run 
from  one  to  another  of  two  stopping  stations  5,000  feet  apart.  What  is  its 
greatest  speed  during  the  run  ?    (I.  C.  E. ,  Feb. ,  1898. ) 

5.  A  hammer-head  of  2f  lbs.,  moving  with  a  velocity  of  75  feet  per 
second,  is  stopped  in  0*0007  second.  What  is  the  average  force  of  the 
blow?    (I.C.E.,  Oct.,  1898.) 

6.  Define  velocity,  acceleration,  momentum,  mass  or  inertia,  force, 
impulse,  rate  of  change  of  momentum  per  second,  kinetic  energy.  In 
every  case,  when  you  make  a  statement  relating  to  linear  or  translational 
motion,  make  the  analogous  statement  about  angular  motion. 

(I.C.E.,  Oct.,  1898.) 

7.  A  body  of  30  lbs.  moves  towards  the  south  at  30  feet  per  second,  in 
2  minutes  it  moves  towards  the  south-west  at  40  feet  per  second — what  is 
the  added  velocity  ?  Find  the  average  acceleration.  What  constant  force 
would  produce  the  change ?    (I.C.E. ,  Oct.,  1898. ) 

8  The  null,  F,  in  lbs.  on  a  tramcar  was  registered  when  the  car  was  at 
the  following  distances  x  from  a  certain  point.     Use  squared  paper  to  find 
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the  average  pull  and  the  work  done.     If  the  distance  is  passed  over  in  21 
seconds,  fina  the  average  horse-power.     (I.C.E.,  Oct.,  1898.) 

9.  Taking  the  resistance,  F  lb. ,  of  a  bicycle  on  a  level  road  to  be  given 
by  F=W  {0*002  +  0-00012  (v  +  w)8},  where  W  is  the  weight,  in  lbs.,  of 
rider  and  machine,  and  v  is  the  speed  in  miles  per  hour,  w  being  the  speed 
of  an  opposing  wind;  calculate  what  H.P.  is  expended  in  going  up  an 
incline  of  1  in  80  at  a  speed  of  10  miles  an  hour,  the  weight  of  the  rider 
and  machine  being  180  lbs.,  the  helping  wind  being  at  5  miles  an  hour. 
What  would  this  amount  to  going  down  the  same  slope  at  double  the  speed, 
the  wind  now  opposing  the  rider?    (I.C.E. ,  Feb.,  1899.) 

10.  In  a  steam  engine  the  piston  at  the  beginning  of  its  stroke  is  exposed 
to  a  total  pressure  of  2,000  lbs.,  but  the  inertia  is  such  that  the  thrust  of 
the  piston-rod  at  the  orosshead  is  only  1,600  lbs.    The  speed  of  the  engine 
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is  now  raised  until  it  becomes  half  as  great  again  as  before,  while  the 
steam  pressure  is  unchanged,  what  is  the  thrust  of  the  pie  ton-rod? 

(I.C.E.,  Feb.,  1899.) 

1 1 .  State  Newton's  second  law  of  motion  in  its  most  useful  form.  Suppose 
that  a  Maxim  gun  delivers  250  1-oz.  bullets  per  minute  with  a  speed  of 
1,500  feet  per  second,  what  average  force  in  lbs.  weight  must  be  provided 
to  hold  the  gun  still  ?    (I.C.E.,  Feb. ,  1899. ) 

12.  A  vehicle  weighing  4  tons  is  proceeding  at  a  rate  of  10  miles  an  hour 
along  a  level  road ;  the  pull  on  it  is  suddenly  stopped  ;  supposing  the 
whole  resistance  equivalent  to  500  lbs.  applied  to  the  rim  of  one  of  the 
wheels  4  feet  diameter,  calculate  how  far  the  vehicle  will  run  before 
stopping.     (I.C.E.,  Oct ,  1899.) 

13.  An  engine  of  10  B.H.P.  drives  the  axle  of  a  vehicle  at  one-fifth  the 
angular  velocity  of  its  own  shaft ;  the  driving  wheels  are  4  feet  diameter, 
and  the  speed  of  the  vehicle  is  8  miles  per  hour,  find  the  equivalent 
resultant  pull  on  the  driving  axle.     (I.C.E.,  Oct.,  1899.) 

14.  Give  Newton's  secona  law  of  motion.  Calculate  the  force  necessary 
to  increase  the  velocity  of  a  body  weighing  100  lbs.  by  10  feet  per  second 
in  4  seconds,  supposing  the  acceleration  uniform.     (I.C.E.,  Feb.,  1900. ) 

15.  A  mass  wnose  weight  is  50  lbs.,  moving  at  the  rate  of  15  feet  per 
second,  is  acted  upon  for  20  seconds  by  a  force  of  20  lbs. ;  find  the  distance 
moved  during  the  time.     (I.  C.  E. ,  Feb. ,  1 900. ) 

16.  A  bicycle  and  rider,  weighing  together  180  lbs.,  are  travelling  at  the 
rate  of  10  miles  per  hour  on  the  level.  Supposing  a  brake  is  applied  to 
the  top  of  the  front  wheel  30  inches  in  diameter,  and  that  this  is  the  only 
resistance  acting,  how  far  will  the  bicycle  travel  before  stopping  if  the 
pressure  of  the  brake  is  20  lbs.,  and  the  coefficient  of  friction  0  5?  In 
what  respect  is  such  a  bicycle  brake  more  efficient  than  a  brake  on  a 
vehicle  with  springs?    (I.C.E.,  Ftb.,  1900.) 

17.  Explain  the  chief  units  adopted  in  the  measurement  of  acceleration, 
force,  energy,  and  power.  If  a  bicyclist  always  workB  at  ^  H.P.  and  goes 
12  miles  per  hour  on  the  level,  find  the  resistance  of  the  road,  and  show 
that,  if  the  mass  of  the  machine  and  the  rider  together  be  12  stone,  the 
speed  on  an  incline  of  1  in  50  will  be  reduced  to  about  5*8  miles  per  hour. 
(I.C.E.,  Oct.,  1900.) 

18.  A  man  pushes  an  8-ton  railway  truck  from  rest  with  a  uniform  force 
of  £  cwt.  on  a  smooth  horizontal  line  of  rails.  Neglecting  all  resistances, 
find  what  speed  he  will  get  up  in  22  seconds.  At  what  H.P.  will  he  be 
working  at  the  end  of  that  time?    (I.C.E.,  Ftb.t  1901.) 

19.  A  1-oz.  bullet  fired  horizontally,  with  velocity  1,000  feet,  into  a  1-lb. 
block  of  wood,  resting  on  a  smooth  table,  penetrates  2  inches  and  remains 
imbedded.  With  what  velocity  does  the  block  move  off  (without  rotation)? 
Why  would  the  bullet  have  penetrated  more  if  the  block  had  been  fixed  ? 

(I.C.E.,  />&.,  1901.) 

20.  A  man  weighing  140  lbs.  stands  on  the  floor  of  a  lift.  Find  the 
pressure  he  exerts  on  the  floor  (a)  when  the  lift  ascends  and  descends  with 
uniform  velocity,  (6)  when  it  ascends  with  a  velocity  which  decreases  by 
the  acceleration  of  -^  g,  (c)  when  it  descends  with  a  velocity  which 
increases  at  the  rate  of  8  feet  per  second  per  second.  Under  what  condi- 
tions can  the  pressure  be  (i.)  zero,  (ii.)  greater  than  the  weight  of  the 
man?    (I.C.E.,  Oct.,  1901.) 

21.  A  cannon  weighs  35  tons  and'the  shot  1,200  lbs.  The  velocity  of  the 
shot  on  leaving  the  muzzle  is  1,200  feet  per  second,  find  the  velocity  of  the 
recoil  of  the  cannon.  If  the  velocity  of  recoil  is  to  be  destroyed  while  the 
gun  moves  through  3  feet,  find  the  average  resistance  to  be  applied. 

(I.C.E.,  Oct.,  1901.) 
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22.  Distinguish  between  kinetic  and  potential  energy  and  show  how 
they  are  measured  in  the  case  of  a  body  falling  from  rest.  Show  that  if  a 
body  be  let  fall  from  rest  its  energy  remains  constant  till  it  reaches  the 
ground.     (I.C.E.,  Oct.,  1901.) 

23.  Define  "impulse"  and  "momentum."  A  force  acting  on  a  mass  of 
10  lbs.  increases  its  velocity  in  every  second  by  7  feet  a  second.  Another 
force  acting  on  a  body  of  mass  25  lbs.  increases  its  velocity  in  2J  minutes 
from  500  feet  \  er  second  to  1,850  feet  per  second.     Compare  the  forces. 

(LC.E.,i?Te&.,1902.) 

24.  State  exactly  what  is  meant  by  "a  pound  mass,"  "a  pound  weight," 
"a  poundal,"  and  by  the  terms  "work"  and  "energy."  Show  that  if  a 
body  of  mass  m  has  a  velocity  v  imparted  to  it  by  the  action  of  a  constant 
force  F  acting  through  a  distance  S,  then  the  work  done  by  the  force  is 
\mv*.     (I.C.E.,  Feb.,  1902.) 

25.  Two  bodies,  P  and  Q,  of  unequal  mass,  are  oonnected  by  a  fine  string 
passing  over  a  frictionless  pulley.  Find  expressions  for  the  acceleration  of 
the  bodies,  and  for  the  tension  in  the  string.     (I.C.E.,  Feb.,  1902.) 

26.  The  resistance  of  a  passenger  train  on  the  level  road  is  17*3  lbs.  per 
ton,  the  speed  being  48  miles  per  hour.  If  the  total  weight  of  engine  and 
train  is  190  tons,  find  the  horse-power  of  the  engine.  If  the  train  is 
brought  to  a  standstill  by  the  application  of  the  brakes  in  14$  seconds,  find 
the  average  resistance  of  the  brakes.     (1.  C.  E. ,  Feb. ,  1902. ) 

27.  A  train  increases  its  ^peed  from  40  miles  to  49  miles  an  hour  while 
descending  an  incline  in  4  J  minutes.  Find  its  average  acceleration.  Find 
also  the  slope  of  the  incline,  taking  the  acceleration  due  to  gravity  to  be 
32  foot-second  units.     (I.C.E. ,  Feb. ,  1902. ) 

28.  At  what  horse-power  must  a  bicyclist  work  when  riding  at  20  miles 
per  hour  on  a  track,  the  resistance  of  which  is  1  per  cent,  of  the  total 
weight  (180  lbs.)?  If  he  goes  60  yards  from  rest  before  getting  speed 
up,  find  the  mean  moment  he  must  exert  during  that  time.  Diameter  of 
wheel  28  inches,  and  geared  so  as  to  make  9  revolutions  for  4  turns  of  the 
crank.    (I.C.E.,  Oct.,  1902.) 

29.  Explain  the  term  "kinetic  energy,"  and  show  that  if  the  motion  of  a 
body  be  retarded  by  a  resistance,  the  decrease  of  kinetio  energy  is  equal  to 
the  work  done  against  that  resistance.  At  what  distance  from  a  given 
point  must  a  carriage  be  detached  from  a  train  going  at  20  miles  an  hour 
in  order  that  it  may  come  to  rest  at  the  given  point,  the  brake  being 
applied  and  the  coefficient  of  friction  being  \  ?    (I.C.E.,  Oct.,  1902.) 

30.  Distinguish  between  the  measurements  of  force  and  impulse.  The 
head  of  a  steam  hammer  weighs  50  cwts. ;  steam  is  admitted  on  the  under 
side  for  lifting  only,  and  there  is  a  drop  of  5  feet.  What  will  be  the 
velocity  and  momentum  of  the  head  the  instant  before  the  blow  is  given, 
if  there  is  no  resistance  to  the  fall.  If  the  time  during  which  the  com- 
pression of  the  iron  takes  place  be  -^  second,  find  the  average  force  of  the 
blow.     (I.C.E.,  Oct.,  1902.) 

31.  Explain  the  principle  of  conservation  of  energy.  Two  cylindrical 
tanks,  A  and  B,  of,  respectively,  4  square  yards  and  2  square  yards 
horizontal  cross  section,  stand  on  the  same  floor  and  are  connected  near  the 
bottom  by  a  narrow  pipe.  A  at  first  contains  8  cubic  yards  of  water,  and 
B  is  empty.  The  water  flows  slowly  into  B ;  find  the  amount  of  heat 
which  will  have  been  generated  when  the  water  has  ceased  to  flow  and  it 
has  all  come  to  rest.     (I.C.E. ,  Feb.,  1903. ) 

3*2.  Two  men  put  a  railway  wagon  weighing  5  tons  into  motion  by 
exerting  on  it  a  force  of  80  lbs.  The  resintance  of  the  wagon  is  10  lbs.  per 
ton,  or  altogether  50  lbs. ;  how  far  will  the  wagon  have  moved  in  1  minute? 
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Calculate  at  what  fraction  of  a  horse-power  the  men  are  working  at 
60  seconds  after  starting.     (I.C.E.,  Feb.,  1003.) 

33.  8tate  and  explain  fully  Newton's  Third  Law  of  Motion.  A  100-lb. 
shot  leaves  a  gun  horizontally  with  a  muzzle  velocity  of  2,000  feet  per 
second.  The  gun  and  attachments,  which  recoil,  weigh  4  t  no.  Find 
what  the  resistance  must  be  that  the  recoil  may  be  taken  up  in  4  feet,  and 
compare  the  energy  of  recoil  with  the  energy  of  translation  of  the  shot. 

(I.C.E.,  Feb.,  1903.) 
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LECTURE  XXIL 

Contents.— Energy  of  a  Rotating  Body— Moment  of  Inertia  of  a  Body 
about  an  Axis — Definitions  of  Moment  of  Inertia  and  Radius  of 
Gyration — Propositions  I.,  11.,  and  III. — Methods  of  Calculating 
Moments  of  Inertia — Examples  I.,  II.,  and  III. — Tables  of  Radii  of 
Gyration  of  Solids  and  Sections — Equation  of  Energy  for  a  Rotating 
Body— Examples  IV.,  V.,  VI.,  and  VlL— Determination  of  Energy  of 
Flywheels — Centripetal  and  Centrifugal  Forces — Definitions  of  Centri- 
petal and  Centrifugal  Forces— Example  VIII.— Straining  Actions  due 
to  Centrifugal  Forces— Example  IX. — Questions. 

Energy  of  a  Rotating  Body. — The  deduction  of  the  equation  for 
energy  of  rotation  is  complicated  by  the  fact  that  particles  of 
the  body  at  different  distances  from  the  axis  of  rotation  possess 
different  energies,  due  to  their  different  linear  velocities.  To 
obtain  the  energy  of  the  whole  body,  we  must,  therefore,  take 
the  sum  of  the  energies  of  the  various  particles  composing  it. 
In  general,  this  process  must  be  performed  by  the  aid  of  higher 
mathematics ;  and  even  then,  only  in  those  cases  in  which  the 
bodies  are  of  regular  geometrical  form. 

Moment  of  Inertia  of  a  Body  abont  an  Axis — Before  deducing 
the  expression  for  the  kinetic  energy  of  a  rotating  body,  it  may 
be  as  well  to  explain  certain  terms  and  quantities  which  we 
shall  have  occasion  to  make  use  of. 

Definition.— If  the  mass  of  every  particle  of  a  body  be  multi- 
plied by  the  square  of  its  distance  from  a  given  axis,  the  sum  of 
the  products  is  called  the  Moment  of  Inertia  of  the  body  about 
that  axis. 

Let  I  =  Moment  of  inertia  of  the  body  about  a  given  axis. 
„   m  =  Mass  of  any  particle  or  element  of  body. 
„     r  =  Distance  of  m  from  the  given  axis. 

Then,  I  =  2mr*. (I) 

Definition.— If  M  be  the  mass  of  a  body,  and  k  be  such  a 
quantity  that  M  A2  is  its  Moment  of  Inertia  about  a  given  axis, 
then  k  is  called  the  Radius  of  Gyration  of  the  body  about  that 
axis. 
Thus,  MA2  =  I 

" (II) 

Or,  A2  V    ' 


w 
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The  following  Fhqpobitions  relating  to  moments  of  inertia 
and  radii  of  gyration  are  so  important  that  we  here  give  their 
proolH  in  full :- — ^ 

Proposition  L— If  M  be  the  mass  of  any  body,  I0  the  moment 
of  inertia  about  any  azis  through  its  centre  of  gravity,  G,  and  I0, 
that  about  a  parallel  axis  through  any  other  point,  0,  at  a  distance, 
A,  from  G,  then:— 

lo-  Io  +  MA* (IH) 


MOMKNTS   OF  INKBTTA   A  BOOT   PARALLEL  AXES. 

Let  G,  and  0,  be  the  points  of  intersection  of  the  axes  with 
the  plane  of  the  paper,  which  is  at  rigbt  angle*  to  them. 
Let  P  he  any  particle  of  mass,  m.  Drair  I1  N  perpendicular  to 
O  G 

Then,  in  triangle  O  P  G,  we  get  (Euc.  II.,  12):— 

OH=PGH  0  G2  -  2  0  G    G  N. 

Multiplying  both  aides  by  m  the  mass  of  particle  at  P,  we 
get:— 

m  •  O  P2  -  m    P  Ga  +  m  ■  O  G*  -  2  m  -  O  G    G  N. 
Repeating  this  process  for  every  other  particle  of  the  body, 
and  adding  the  results,  we  have : — 

2m.0ps  =  2m,pG*  +  2m'OG*-22m*OG-GN, 

But>  clearly,         2 m  ■  0  P2  =  I0,  and  2  m  '  P  G  -  J* 

And,  since  00  =  h  =  constant, 

2m-0Gs  =  OG^m  =  A*M,or  MA* 

Also,  j2«.0tt-GN-20a-2»-GN-3A2«'QH. 

But  the  quantity,  2m'GN,iB  the  sum  of  the  moments  of 
the  various  particle*  ahout  their  centre  of  gravity,  G,  and  la 
therefore  zero,  from  the  definition  of  the  centre  of  gravity. 
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2  2mOGGN  =  2A2m-GN  =  0. 

Io=Io  +  MA*. 

Corollary. — Denoting  the   radii  of  gyration  of  the  body 
about  the  axes,  O,  and  G,  by  k0y  and  kQ)  respectively,  we  get : — 


MA* 


MA*  +  MA*. 


£  -  a:  +  A*. 


(IV) 

Proposition  II. — If  lx  and  Iy  respectively  denote  the  moments 
of  inertia  of  a  lamina,  or  plane  area,  about  two  axes  0  X,  0  Y,  at 
right  angles,  lying  in  the  plane  of  the  lamina  or  area,  and  I,,  the 
moment  of  inertia  about  an  axis,  0  Z,  through  0,  perpendicular 
to  the  plane  of  the  lamina  or  area;  then  I,  is  equal  to  the  sum 
of  I*,  and  Iy. 

*■*•  I*  -  I*  +  Iy. (V) 


Moment  or  Inertia  or  Lamina  about  Rectangular  Axes. 

Take  any  particle,  P,  of  mass,  w,  and  draw  P  M,  and  P  N, 
perpendicular  to  O  X  and  O  Y  respectively. 

Let  x  and  y  denote  the  co-ordinates  of  P,  with  respect  to  the 
axes,  OX,  O  Y,  so  that  O  M  =  x,  O  N  =  y,  and  O  P  -  r. 
Then  :— 

Moment  of  inertia  of  P  about  O  X  =  m  •  P  M*  =  m  •  y2. 

„  „  O  Y  =  m  •  P  N*  =  m  •  a*. 

But,  r2  =  y2  +  a2, 

m  •  r2  =  m  •  y2  +  m  •  x*. 

Hence,  the  moment  of  inertia  of  P,  about  the  axis,  O  Z,  is 
equal  to  the  sum  of  the  moments  of  inertia  of  the  same  particle 
about  the  axes,  OX,  and  O  Y.  But  this  is  equally  true  for 
every  other  particle. 
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%.e.. 


2mr2  =  2  my2  +  2  mo2. 
I,  -  I*  +  I* 


Corollary. — Denoting  the  radii  of  gyration  of  the  lamina, 
about  the  axes  by  the  letters  kx,  ky,  h^  we  ge^ : — 

(VI) 


£-£  +  /$. 


Proposition  III.— If  I*,  lVt  lz  respectively  denote  the  moments 
of  inertia  of  any  body  about  three  rectangular  axes  drawn  from 
any  point,  0,  in  the  body,  then  the  sum,  lXt  +  Iy,  +  I*,  is  equal  to 
twice  the  moment  of  inertia,  I0)  of  the  body  about  the  point,  0. 


t.e.s 


1X    +    ly    +    I,    =    2  I0 


(VII) 


Moment  or  Inertia  or  Body  about  Rectangular  Axes. 


Let  O  X,  O  Y,  O  Z  be  the  three  rectangular  axes  drawn  from 
any  point,  O;  P,  any  particle  of  mass  m,  whose  co-ordinates 
are  as,  y,  z,  so  that  O  L  --  «,  O  M  =  y,  O  N  =  *,  and  OP  =  r. 
Then :— 

OY  =  w  PM2  =  m(«2  +  a2). 
„  „  OZ  =  m-PN2  =  m(a?  +  y2). 

I*  -  2m  (y2  +  **)  =  2my2  +  2ms2, 
Iy  -  2m(«2  +  a8)  -  2ms2  +  2ma2, 
And,  I,  =  2m(s2  +  y2)  =  2ma2  +  2my* 

I*  +  I„  +  If  »  2  {2m*2  +  2my2  +  2m*2} 
„       =  22m(a*  +  y2  +  s2), 
i«.,  I  +  Iy  +  I*  -  22mr2  -  21* 
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Corollary. — Denoting  the  radii  of  gyration  of  the  body  about 
the  three  axes  and  the  point,  O,  by  the  letters  k^  kyt  k^  and  kc 
respectively,  we  get : — 

^  +  ^  +  **  =  2^ <vm) 

Proposition  II.  is  a  particular  case  of  this  general  one. 
There  O  P  and  O  S  will  always  coincide,  and,  therefore,  I, 
and  I0  are  identical.  By  putting  I0  =  I,  in  equation  (VII),  we 
at  once  get  equation  (V). 

Methods  of  Calculating  Moments  of  Inertia.— We  shall  show 
by  working  out  a  few  examples  how  the  moments  of  inertia  or 
radii  of  gyration  can  be  calculated  in  certain  cases,  wherein  the 
density  is  uniform. 

Example  I. — Determine  the  moment  of  inertia  and  radius 
of  gyration  of  a  rectangular  lamina  (1)  about  its  shorter  edge, 

(2)  about  an  axis  in  its  plane 
through  its  e.g.  and  parallel  to  a 
short  edge,  and  (3)  about  an  axis 
through  its  e.g.  perpendicular  to 
its  plane. 


Moment  o*f  Tnkrtta  of 
Rkctangle  about  AB. 


Answer.— Let  A  B  C  D  be  the 
rectangular   lamina,   and   let   the 
edge  A  B  =  a,  and  B  C  =  o. 
(1)  About  the  slwrter  edge  A  B. 
Divide    the    rectangle    into    n, 
equal    and    narrow    strips,    PQ, 
parallel  to  the  axis  A  B. 
Let  M  =  Mass  of  whole  figure,  A  B  C  D. 
„      m  =  Mass  of  elementary  rectangle,  P  Q. 
„       x  =  Distance  of  P  Q  from  axis  A  B. 

„       h  =  Breadth  of  elementary  strip  P  Q  =  — . 

The  whole  of  the  strip  P  Q  is  at  the  same  distance  from  A  B, 
.\  Mom.  of  inertia  of  \  __        « 

element  P  Q  J 

Mom.  of  inertia  °f  \  =  ^mx* 
whole  figure  f 

But  m  :  M  =  h  :  b. 

Uh 

1  =  ^2**2 (1) 
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Beginning  at  edge  A  B,  the  distances  of  the  various  strips 
from  this  edge  will  be  x0  =  0,  x1  =  A,  a:2  =  2  A,  .  .  .  Xn  =  nh. 

/.    2Ao*  =  A (02  +  h*  +  22 A2  +  3« A*  +  .  .  .  +  n«A2), 

„      =A8(12  +  22  +  32  +  .  .  .  +n2), 

„      =  A8 n(n+  ])(2n  +  l\  [See  Treatises  on  Algebra] 

When  the  number  of  strips,  n,  is  infinitely  large,  the  reciprocal, 
-,  will  be  infinitely  small,  and  may,  therefore,  be  neglected. 


Also, 


(n  A)»  =  5* 
2Aa2=~  x  2  =  $&», 


.-.  Fromeqn.  (1),  I  =  £M62. 

Let  A  =  Radius  of  gyration,  then  : — 
M  k*  -  I, 
A2  =  £62, 

TThe  above  method  of  finding  the  moment  of  inertia  is 
precisely  the  same  as  that  employed  in  higher  mathematics. 
For  those  who  understand  the  calculus  we  here  repeat  the 
above  calculation,  using  its  notation. 

Let  d  x  =  Breadth  of  elementary  strip,  P  Q. 


Or, 


Then, 


tn  =  -=-  a  x, 
0 

dl  «a  -j-aPdx. 
0 


(2)  About  an  axis  through  e.g.  parallel  to  edge  A  B. — We  may 
obtain  the  moment'  of  inertia  in  this  case   by  proceeding  in 
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exactly  the  same  way  as  before,  but  there  is  no  need  for  this 
repetition,  as  we  can  very  easily  get  the  result  from  the  relation 
given  in  Proposition  I. 

Let  Io  =  Moment  of  inertia  of  the  rectangle  about  an  axis 
through  its  e.g.  parallel  to  the  edge  A  B. 
„      I  =  Moment  of  inertia  about  the  edge  A  B  =  £  M  62. 
„      h  —  Distance  between  these  axes  =  J  6. 

Then,  from  equation  (III) : — 

I  =  Ia  +  MA». 


Also, 


la  =  I  -  MA2  =  iM6«  -JMJ*. 


i 

IT 


M6< 


tV 


(3)  About  an  axis  through  eg.  perpendicular  to  plane. 

Moment  of  inertia  about  an  axis  \  __.  t 
through  eg.  parallel  to  A  B      J        * 

Moment  of  inertia  about  an  axis  \  _  t 
through  eg.  parallel  to  B  C       J  ""    y 


TV  M  6*. 


rVMa* 


V 


M(a*  +  6-). 


But,  from  equation  (V),  %  \t  ~\x 

.*.     Moment  of  inertia  about  an  axis  | 

through  e.g.  perpendicular  to  >  -  I, 
the  plane  ) 

Example  II. — Determine  the 
radius  of  gyration  of  a  circular  disc 
about  an  axis  through  its  centre  per- 
pendicular to  its  plane. 

Answer. — Divide  the  disc  into  w, 
equal,  narrow  rings  of  breadth,  A. 
Taking  one  of  these  rings,  P  Q,  let  x 
be  its  distance  from  the  centre,  O. 


Radius  of  Gyration  or  a 
Circular  Disc. 


Then, 


m 
m 


M 
M 


Let  M  =  Mass  of  the  disc. 
„      m  ~  Mass  of  the  elementary 

ring,  P  Q. 
„       r  =  Radius  of  the  disc. 

area  of  ring  :  area  of  disc. 

2*xh  :  wr*. 


2M     . 
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The  whole  of  the  elementary  ring  is  at  the  same  distance 
from  the  centre  : — 

.'.     Moment  of  inertia  of  elementary  \  __        «  _  2^  ^  a 
ring  about  the  axis  through  O  J  r2 

/.     Moment  of  inertia  of  the  whole  \  _  r  =  .2_M       .  ,        . 
rfwc  J  r2  •      w 

Beginning  at  the  centre,  O,  the  distances  of  the  various  rings 
will  be  x0  =  0,  a^  =  h,  x2  =  2A,  .  .  .  av»  =  nA. 

2a*A  =  (03  +  13A8  +  2» A8  +  .  .  .  +  n8A8)A 

„      -  (l8  +  28  +  38  +  .  .  .  +  w8)A* 

»      a  i  **2  (w  +  l)2  A4         [See  Treatises  on  Algebra] 

1\2 


„  -^.(.4)* 


When  w  is  infinitely  great,  the  reciprocal,  -,  will  be  infinitely 

n 

small,  and  may  be  neglected. 
Also,  (nA)*  =  r* 

,\     From  equation  (1),     I  =  —j-  x  j  =  £  Mr*. 

A2  =  ir2. (2) 

[These  results   may  also   be  obtained   by  the  aid  of  the 
calculus,  thus : — 

Let  dx  =  Breadth  of  elementary  ring. 

2M    , 
Then,        m  =  — 5-  x  a  as. 

<JI  —  --g-x*  dx. 

If,  however,  the  disc  be  annular,  the  outside  and  inside  radii 
being  R  and  r  respectively,  we  get : — 

2M 


m  = 


R*-r* 


xdx. 
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2M 


.     .  .         2M     f* 

And,  I-Rm^jr 


a?  dx 


2  M  R*  —  r*       .  --  ,-jo        »x 

"  "  W^~fL  *  ~~4~~  =  J  M(R2  +  ^)- 

A*  =  i(*2  +  r2).] 

These  results  also  express  the  moments  of  inertia  and  radii 
of  gyration  of  a  solid  and  of  a  hollow  cylinder  about  their  axes. 
For  a  cylinder  can  be  conceived  as  made  up  of  a  great  number 
of  circular  discs  threaded  together  on  the  same  axis,  and  the 
moment  of  inertia  will  just  be  the  sum  of  the  moments  of  inertia 
of  all  the  discs,  since  the  radius  of  gyration  of  each  disc  is  inde- 
pendent of  the  thickness  of  the  disc,  it  follows  that  the  radius 
of  gyration  of  the  whole  cylinder  will  be  the  same  as  that  of  one 
of  the  discs. 

Having  found  the  radius  of  gyration  of  a  circular  disc  about 
an  axis  through  its  centre  at  right  angles  to  its  plane,  we  can 
very  easily  find  its  radius  of  gyration  about  a  diameter. 

Let  kz,ky  =  Radii  of  gyration  of  disc  about  two  diameters  at 

right  angles  to  each  other. 
„         kz  =  Radius  of  gyration  about  axis  through  centre  and 
perpendicular  to  plane. 

Then,  fe  =  hy   =  h 

And,  from  (2)  k\  =  \  f*. 

But,  from  equation  (VI),  Proposition  II.,  we  get: — 

A2  =  \r\  or  A  =  £. 

If  the  disc  be  annular  and  of  radii  R  and  r,  then  the  radius 
of  gyration  about  any  diameter,  is  given  by  the  equation  : — 

A*  =  ±(R2  +  r*). 

Example  III. — Determine  the  radius  of  gyration  of  a  sphere 
about  a  diameter. 

Answer.— The  results  of  Proposition  III.  tell  us  that  if 
three  mutually  perpendicular  axes  be  drawn  from  any  point 
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in  a  body,  the  sum  of  the  moments  of  inertia  of  the  body  about 
these  axes  is  equal  to  twice  the  moment  of  inertia  of  the  body 
about  that  point.  Suppose,  then,  that  the  point  selected  be  the 
centre  oi  the  sphere,  the  axes  will  then  be  three  mutually 
perpendicular  diameters.  But  the  moments  of  inertia  about 
all  diameters  must  be  the  same.  Therefore,  if  I  denote  the 
moment  of  inertia  of  the  sphere  about  any  diameter  and  Io  that 
about  the  centre,  O,  we  get,  from  equation  (VII)  :— 


31  =  2I0 


(1) 


It  only  remains  now  to  find  the  value  of  I0  or  2  m  #*. 
Suppose  the  sphere  divided  into  a  large  number  n,  of  con- 
centric shells,  the  thickness  of  each  shell  being  h. 


Let  a; 


i) 


r 

i>  m 

M 
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Then, 


*.«.. 


And, 


Distance  of  any  one  shell  from  centre  of  sphere. 
Radius  of  sphere. 
Mass  of  shell. 
Mass  of  sphere. 

m  :  M  =  vol.  of  shell  :  vol.  of  sphere, 

4 
m  :  M  =  4  *•  cc8  A  :  «  » r*, 


m 


3M 


a*h9 


I0  =  2  mas2 


3M 


2  a*  A. 


Beginning  at  the  centre  of  the  sphere  and  putting  successively, 
Xt  =  0,  9\  =  /*,  «3  =  2  h,  .  .  .  Xn  =  n  h,  we  get : — 

2aM  =  (1*  +  2*  +  3*  +  .  .  ,n*)h*, 


( n6      n4       w8        n  )  1K 
\V+T  +3  -SO}*' 


When  n  is  infinitely  great,  the  quantity  inside  the  brackets 
reduces  to  h  and 

n*h*  =  f*. 


2s*A  =  £r*. 
3M 


Io 


x{r«  =  fMr* 


c 
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,\   From  equation  (I)  I  =  $  I0  =  £  M  r*. 

Hence,  A2  =  |f* 

TThe  same  result  can  be  easily  arrived  at  by  aid  of  the 
Calculus.     With  the  usual  notation,  we  get : — 

3M    *j 
m  =  -^x*dx, 

...  I0  „  Zmx*  =  ^[*dx  =   5-jf    X    £  =    3  Mr8f 

I«£I0-fMr>.] 

If  the  sphere  be  hollow,  the  inside  radius  being  r,  and  the 
outside  radius  R,  it  can  easily  be  proved  that : — 

The  term  "  moment  of  inertia  "  has  been  defined  above  with 
respect  to  a  solid  body  only,  but  it  is  easy  to  see  that  by  a  slight 
alteration  in  the  wording  of  the  definition  it  may  be  made  to 
apply  equally  to  an  area  or  a  section  of  a  solid.  Accordingly, 
we  find  the  terms  "  moment  of  inertia"  and  "  radius  of  gyration" 
applied  to  areas  as  well  as  to  solids.  Thus,  we  speak  about 
the  moment  of  inertia  and  radius  of  gyration  of  a  circle  about 
a  diameter,  a  triangle  about  its  base,  and  so  on. 

We  may  here  remark  that  the  moment  of  inertia  of  a  solid, 
or  section  of  a  solid,  about  a  given  axis,  is  always  proportional 
to  the  mass  of  the  solid,  or  to  the  area  of  the  section  as  the 
case  may  be. 

The  following  rule  has  been  stated  by  Routh  and  will  be 
found  useful  for  finding  the  moments  of  inertia  about  an  axis 
of  symmetry  : — 

Moment  of  Inertia  =  Mass  x  (sum  of  the  squares  of  the  per- 
pendicular semi-axes)  -r  (3,  4,  or  5,  according  as  the  body  is 
rectangular,  elliptical,  or  ellipsoidal). 

For  the  sake  of  reference,  we  here  give  tables  of  the  squares 
of  the  radii  of  gyration  for  some  of  the  more  important  cases 
of  both  solids  and  sections. 

In  every  case  the  axis  is  taken  as  passing  through  the  centre 
of  mass  of  the  solid  or  centre  of  area  of  the  section,  so  that  if 
the  moment  of  inertia  or  radius  of  gyration  be  required  about 
any  other  axis,  this  can  easily  be  computed  from  the  results 
given  in  Propositions  L,  II.,  and  IIL 
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TABLE  I. — Squares  of  Radii  of  Gyration  or  Solids. 


Square  of  Radios 

Name  of  Solid,  and  Dimensions. 

Position  of  Axis 
through  eg. 

of  Gyration 

I. 

Circular  hoop  of  thin  wire 

Perp.    to   plane    of 

r» 

— Radius,  r 

circle 

II. 

Circular  hoop  of  thin  wire 
— Radius,  r 

About  a  diameter 

if 

III. 

Uniform     circular     rod  — 
Length,  /;  radius,  r 

Perp.  to  length 

A*2  +  i»* 

IV. 

Solid    circular   cylinder  — 
Radius,  r 

About  its  own  axis 

if 

V. 

Hollow  circular  cylinder  or 
rii^g — Radii,  R,  r 

About  its  own  axis 

i  (R'  +  f ) 

VI. 

Thin    cylindrical    shell  — 
Radius,  r 

About  its  own  axis 

r» 

VIX 

Solid  sphere— Radius,  r 

About  a  diameter 

f  f 

VIII. 

Hollow  sphere— Radii,  R,  r 

About  a  diameter 

*  R»  -  r» 

IX. 

Thin     spherical     shell  — 
Radius,  r 

About  a  diameter 

#f 

X. 

Solid  cone —Radius  of  base,  r 

About  its  own  axis 

Af 

TABLE  II. — Squares  of  Radii  of  Gyration  or  Lamina  and 
Surfaces  or  Sections. 


Form  of  Lamina,  Surface,  or 
Section. 

Position  of  Axis 
through  eg. 

Square  of  Radius 
of  Gyration. 

I. 
II. 

III. 

IV. 

V. 

VI. 
VII. 

VIIL 

IX 
X. 

XI. 

Rectangle — Sides,  a,  ft 
Rectangle — Sides,  a,  ft 

Hollow    rectangle  —  Sides, 

A,  B,  and  a,  b 
Triangle  —  Altitude,      a; 

base,  b 
Circular  section — Radius,  r 

Circular  section — Radius,  r 
Hollow   circular   section- 
Radii,  R,  r 
Hollow  circular    section- 
Radii,  R,  r 
Elliptical  section — Axes,  a,  ft 
Elliptical  section — Axes,  a,  ft 

Hollow  elliptical  section— 
Axes,  A,  B,  and  a,  ft 

Parallel  to  side,  ft 
Perp.    to    plane    of 
figure 

Parallel  to  sides,  B,  ft 
Parallel  to  base,  ft 

Perp.    to    plane    of 

figure 
About  a  diameter 
Perp.    to    plane    of 

figure 
About  a  diameter 

About  axis,  ft 
Perp.    to    plane    of 
figure 

About  axis,  B,  ft 

A  «' 

A  («'  +  »') 

t  A'B  -  o»6 
"AB  -06 

A»* 

if 

if 

i  (R*  +  f ) 

i  (R'  +  f ) 

A  <•* 

A  («'  +  &') 

,  A'B  -  o»6 
"AB-  ab 
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Equation  of  Energy  for  a  Rotating  Body.— We  shall  now 
determine  the  energy  possessed  by  a  rotating  body. 

Let  W  =  Weight  of  body,  and  M  its  mass. 
„     w  «  Weight  of  any  particle  at  a  distance,  r,  from  the 

axis  of  rotation,  and  m  its  mass. 
„      «  =  Angular  velocity  of  body  about  given  axis. 
„      v  =  Linear  velr  city  of  the  particle  =  u  r. 
„      k  -  Radius  of  gyration  about  the  given  axis. 

Then,  the  kinetic  energy  of  the  particle  =  -  —  =  —   — • 

Repeating  this  process  for  every  particle  composing  the  body, 
and  adding  the  results  together,  we  get : — 

The  kinetic  energy  of  1       _,  w  u*  r2        «*  «2 

the  whole  body,  EK  J  -  ^~^J~  =  YgW^  "  J^mf^> 

since  to  «  m  g,  and  u  is  the  same  for  every  particle. 

WAj2 
But,  Swr2  =  I  =  MA^  = ,  about  the  given  axis, 

W«2A2 
EK  =  £Ia,*  =  ^^-     ....     (IX)» 

Thus,  the  equation  for  the  energy  of  a  body  rotating  about  a 
fixed  axis  is  similar  in  form  to  that  for  a  body  moving  without 
rotation. 

Engineers  usually  measure  the  angular  velocitv,  w,  oF  a 
rotating  body  by  the  number  of  revolutions  made  in  unit  time. 

Then,  if  n  be  the  number  of  revolutions  per  unit  time, 

w  =  2  *n 

_         W  x  4^n«ff      2**/7*Wft*  .„ 

EK  = — = .  .     .     .     (X) 

We  may  also  show,  as  in  the  previous  Lecture,  that,  if  the 
angular  velocity  changes  from  «x  to  «2,  or  from  n^  to  n^ 
revolutions  per  second,  then: — 

*  If  W  be  expressed  in  absolute  units  or  poundals,  the  kinetic  energy 
will  also  be  given  in  absolute  units  or  foot-poundals ;  but  if  W  be  in 
pounds  weight  or  in  gravitation  units,  then  the  kinetic  energy  will  be 
in  foot-pounds. 

The  student  should  note  that  the  pound  is  the  absolute  unit  of  mass, 
and,  therefore,  those  of  the  above  equations  which  contain  M  instead  of 

W 

—  always  give  the  kinetic  energy  in  absolute  units  or  foot-poundals. 
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The  change  of  kinetic  )  _  W  («j  -  *>\)k2 
energy  J~~       2a 

.        •      >     •    •    (XI> 
Or,  „  „  = 

Again,  if  the  centre  of  gravity  of  the  body  be  moving  with  a 
linear  velocity,  v,  and  if  at  the  same  time  the  body  be  rotating 
about  an  axis  through  its  centre  of  gravity  with  an  angular 
velocity,  «,  then  the  total  kinetic  energy  possessed  by  the  body 
is: — 

**=-2g-  +  -2T  =  *g{  +  kh  *  (XI) 
Or,  if  the  linear  velocity  changes  from  vx  to  v2,  while  the  angular 
velocity  changes  from  (ax  to  u9  then  the  total  change  in  the 
kinetic  energy  of  the  body  during  that  period  is  : — 

w(g»-i>;>  w(«;  -  ttyp  wr/t   *,  , ,   ^Ml  ,YTTn 

Example  IV. — Sketch  and  describe  the  action  of  a  fly-press 
as  used  for  punching  holes  in  metal  plates.  The  balls  weigh 
60  lbs.  each,  and  are  fixed  at  a  radius  of  30  inches  from  the 
axis  of  the  screw.  The  screw  is  double  threaded,  and  of  1  inch 
pitch.  Find  what  diameter  of  hole  can  be  punched  in  a  wrought 
iron  plate  f  inch  thick,  if  the  strength  of  the  plate  in  shear  be 
taken  at  22  tons  per  square  inch,  the  resistance  to  shearing 
be  overcome  in  the  first  ^  inch,  and  if  the  balls  at  the  instant 
when  the  punch  touches  the  plate  are  moving  at  the  rate  of 
60  revolutions  per  minute. 

Answer. — For  a  sketch  and  description  of  a  fly-press,  the 
student  may  refer  to  Lecture  XXL,  of  the  Author's  Elementary 
Manual  on  Applied  Mechanics. 

Let  W  -  Weight  of  each  ball  ->  60  lbs. 
„      k  ■»  Radius  of  gyration  of  the  system  =  2}  feet 
„      n  =  Number  of  revolutions  per  second  =  1. 
„     R  =  Resistance,  in   lbs.,  offered   by  the   metal  to   the 

punch. 
„       s  =  Distance  through  which  R  is  overcome  =  j\  inch 

=  i2in6feet- 

„       %  =  Thickness  of  plate  punched  =  f  inch. 
„      d  —  Diameter,  in  inches,  of  the  hole. 
„      /=  Resistance  of  metal  to  shearing  =  22  x  2240  lbs. 
per  square  inch. 
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Then,  Area  sheared  =  {  ^^f?"*  ""*"  °f 

,\     Mean  resistance  offered)    =  R  =  x  ^  #  / 
to  shearing  )  m  /• 

Work  done  against  R  =  R  x  s  «  *dtf  x  «. 

|  Energy  of  moving  balls  at  the 
But,      TPbr&  <fon«  against  R  =  <      instant  when  punch  strikes 

[      metal 

2Wv*       W  x  4<r»n2ifc» 

"  &  "2^      -  g  ' 

This  is  the  general  equation  connecting  together  the  given 
and  the  required  quantities.  By  substituting  the  given  data, 
and  cancelling  *  from  both  sides  of  the  equation,  we  get : — 

oo 
60  x  4  x     -  x  1  x  1  x  2J  x  2£ 

d  x  I  x  22  x  2240  x  1-2--TB g^ 

d  =  1-53  inch. 

Example  V. — A  flywheel  weighing  4  tons  is  keyed  to  a  shaft 
of  9  inches  diameter  at  the  journals.  The  radius  of  gyration  of 
the  wheel  is  5J  feet.  At  a  given  instant  the  wheel  is  found  to 
be  making  80  revolutions  per  minute,  and  is  not  acted  on  by  any 
other  retarding  forces  than  the  friction  at  its  journals.     Find 

(1)  the  reduction  in  speed  after  the  wheel  has  made  100  turns. 

(2)  The  number  of  turns  it  will  make  before  it  a  fops  if  the 
coeff.  of  friction  between  the  journals  and  their  bearings  =  0*07. 

Answer. — (1)  To  find  the  reduction  in  speed  after  the  wheel 
has  made  100  turns,  we  must  equate  the  work  done  against 
friction  in  100  turns  to  the  change  of  kinetic  energy  of  the 
wheel  during  that  time. 

Let    W  =  Weight  of  wheel  =  4  tons  =  4  x  2,240  lbs. 
„        k  —  Radius  of  gyration  of  wheel  =  5 \  ft. 
»  *h>n2  ~  Initial  and  final  revolutions  per  second. 
„        a  =  Diameter  of  journals  =  £  ft. 
„        &  =  Coefficient  of  friction  =  0*07. 

Using  equation  (XI),  we  have  : — 

2**(n?  -  n?)W*t 
Change  of  EK  of  wheel  -  — - , 
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And,  from  equation  (II&),  Lecture  VII.,  Vol.  I. : — 
Work  lost  in  friction  in  one  turn  of  journals  =  irdfiR. 

Where  R  is   the   resultant  pressure   on   the  bearings,  and 
therefore  =  W  in  this  case. 


Work  doneagain»t/ric- 1       m     rf     w 
Hon  %n  100  turns        J  ^ 

2**(n\  -w*)  W# 


lOO^dfiW. 
2        2  __  IQQdpg 


Hence, 


50  d  fig 
80\2     50  x  -75  x  07  x  32 


Q- 


22 

~  x  5-25  x  5-25 


„    =  1-78  -  -97  =  -81. 

Or,  n2  =  s/'&l  =  '9  r6v-    per    sec,  or 

54  revs,  per  min. 

Reduction  in  speed  =  r^  -  rc^  =  80  -  54  =  26  revs. 

per  min. 

(2)  Let  n  =  number  of  turns  made  before  stopping. 

Then,  in  this  case,  the  whole  energy  of  the  wheel  when 
making  80  turns  per  minute  is  absorbed  in  friction  at  the 
journals. 


0     22     80     80     KO#e     KOK 

2xTxoox60x5'25x5'25 


2*r2 

ni 

W&* 

=  n  v  d  &  W. 

9 

n 

2wnl& 

fidg 

n 

=  183$  turns. 

•07  x  -75  x  32 


Example  VI. — A  right  cylinder  of  radius  r,  rolls,  without 
slipping,  down  an  inclined  plane  of  height  h.  Find  its  velocity 
at  the  foot  of  the  plane,  and  compare  this  with  that  which  it 
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would  have  had  by  merely  sliding.    Neglect  factional  resistances 
in  both  cases. 

Answkb. — Let  v  ■*  Velocity  of  e.g.  of  cylinder  at  foot  of  plane. 
„    «  =  Angular  velocity         „  „ 

M  W  =  Weight  of  cylinder. 
„    k  =  Radius  of  gyration   about  its  own  axis 

Then,     Total  kinetic  energy  \  _  J  Energy  of  Translation 
at  foot  of  plane    )       {     +  Energy  of  Rotation. 

But,       Total  energy  at  foot  \      w, 
of  plant  J-W* 

Wv* 

Also,      Energy  of  Translation  = 


And,  Energy  of  Rotation  =• 


2f* 


2ir   ' 


w 

2 

^    +       2jr    • 

and  k 

r 

t>* 

+  2' 

But,  «  -  -,  and  £  -  -U.     .'.  «* &  -»  ^ 


Had  the  cylinder  been  allowed  to  slide  down  the  plane  without 
rolling,  the  velocity  at  foot  of  plane  would  have  been : — 

v  =  *J%g  h. 

.-.  Vel.  with  rolling  :  Vel.  1         fagh       ,- — -        M       ,_ 
without  rolling  J  =  V~3~  :  ^  2g  h  =  s/2  :  V3. 

Of  course,  the  kinetic  energy  of  the  body  in  both  cases  is  the 
same,  but  in  the  second  case  the  whole  energy  is  translations!, 
hence  the  reason  for  the  greater  speed  in  this  case. 

Example  VII. — A  weight,  Q,  draws  up  another  weighty  W, 
by  means  of  an  ordinary  wheel  and  axle.  The  force  ratio 
(Q  :  W)  is  1  to  6,  and  the  velocity  ratio  (vel  of  Q  :  vel.  of  W) 
is  8  to  1.     The  diameter  of  the  axle  is  6  inches,  and  the  radius 
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of  gyration  of  the  wheel  and  its  axle  may  be  taken  at  10  inches. 
Neglecting  frictional  resistances  and  the  inertia  of  the  ropes, 
determine  the  revolutions  per  minute  of  the  machine  after  10 
turns  have  been  made  from  a  state  of  rest.  Take  the  weight 
of  the  wheel  and  its  axle  =  2  W. 

Answer. — We  shall  first  answer  this  question  in  a  general 
way. 

Let  W,  ■■  Weight  of  wheel  and  axle. 

„  V  =  Velocity  of  effort,  Q,  in  ft  per  sea,  after  N  turns. 

■  „  v  =  Velocity  of  weight,  W,  „  „ 

„  R  =  Radius  of  wheel  in  feet. 

„  r  =  Radius  of  axle         „ 

„  k  =  Radius  of  gyration  of  wheel  and  axle  in  feet. 

„  n  =  Revolutions  per  sec.  of  machine,  after  N  turns. 

Then,  by  the  Principle  of Energy ',  we  get : — 

Energy  exerted  =  Work  done  +  Change  of  kinetic  energy. 

BUt'      Ene%e%d  \  ~  Q  *  Di8tance  fallen  in  N  turns  of  machine. 


=  Qx2tRN, 
Work  done  =  1 


W  x  Distance  raised  in  N  turns  of 
machine  =  W  x  2  «•  r  N. 


energy 


Change  of  kinetic  If  1-ranslational  energy  qfQ  and  W  +  Rota- 
J  "l      tional  energy  of  wJieel  and  axle. 

i**n*Q  x  R*     4*2n2W  x  r*     4yzn8W1  x  *» 
2g         +         2g         +  2g 

2^n2{QR*  +  Wr2  +  W1^} 

^JQW  +  W^  +  W^l 


Hence,    Q  x  2*RN 
Or,    (QR-Wr)N  = 


9 


W  x  2*rr  N  +  • 


9 


^L2JQR«  +  Wr8  +  W^j 

This  is  the  general  expression  from   which  n  can  be  found 
when  the  other  quantities  are  given. 

From  the  question,  we  get :— W  =  6Q;W1-2W  =  12Q; 

N  =  10  ;  V  =  8v;  r  =  3  inches  =  J  foot ;   R 

v  2  feet ;  *  «  {£  -  f  foot. 


— r  -  8  x  J 
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Hen°e'  E^Ud}=  Q  x  2*RN=SQ  *  2*x  2  x  10  =  40tQA*^. 
Workdone  «  W  x  2*rN  =  6Q  x  2r  x  J  x  10  =  30*Q     „ 

=  t{Qx22  +  6Qx^  +  12Q><(I)4]" 

••«*       305..., 
»  »>  =  -jg-  x    2^  (iJL-lbt. 

.       10  x  16  x  24       J 
305  x  ** 

f?  »  2  revolutions  per  second,  or  120  per  min. 

Determination  of  the  Energy  of  Flywheels.— Before  the  energy 
of  a  rotating  body  can  be  calculated  at  any  given  speed,  it 
is  necessary  to  know  the  radius  of  gyration  of  that  body  about 
the  given  axis  of  rotation.  We  have  already  shown  how  this 
quantity  can  be  calculated  in  certain  bodies  which  are  of  regular 
geometrical  form;  but  many  cases  occur  in  the  rotating  parts 
of  machines  where  the  above  methods  of  calculation  would  be 
most  difficult,  if  not  altogether  impossible.  Such  is  the  case 
with  most  flywheels.  The  flywheel  is  a  most  important  part 
of  an  engine,  since  it  is  a  regulator  of  the  speed.  Owing  to  the 
great  mass  of  its  rim  it  naturally  possesses  great  inertia,  and  is, 
therefore,  capable  of  storing  up  a  considerable  amount  of  the 
energy  developed  in  the  cylinder,  and  of  again  imparting  this 
stored  energy  to  the  moving  parts  during  those  portions  of  a 
revolution  when  the  work  done  in  the  cylinder  is  less  than  the 
work  being  done  outside.  It  is  important  to  know  the  radius 
of  gyration  of  the  wheel,  so  that  calculations  relating  to  the 
storage  and  output  of  its  energy  can  be  effected.  This  radius 
of  the  wheel  may  be  determined  either  approximately  by 
calculation,  or  accurately  by  experimenting  on  the  wheel  itself, 
or  with  another  similarly  shaped  wheel.  We  shall  deal  with 
these  cases  in  turn. 

(1)  By  Approximate  Calculation. — Most  flywheels  consist  of 
a  heavy  rim  with  comparatively  light  arms  and  nave;  hence, 
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in  calculations  relating  to  the  radii  of  gyration  of  such  wheels, 
we  may  neglect  the  effects  of  the  arms  and  nave,  and  consider 
only  that  of  the  heavy  rim.  Usually  the  rim  is  of  a  rectangular 
cross  section. 

Let  R,  r  =  Outside  and  inside  radii  of  rim. 

Then,  from  Table  L,  case  V.,  of  this  Lecture,  we  get : — 

Substituting  this  in  the  equation  for  the  kinetic  energy  of  the 
wheel,  we  may  obtain  an  approximate  result. 

Many  engineers,  however,  further  simplify  their  formula  by 
taking  for  the  radius  of  gyration  the  mean  radius  of  the  rim, 
and  consider  this  quite  near  enough  for  most  purposes.    Thus: — 

A  =  J(R  +  r). 

The  difference  in  the  kinetic  energy,  as  calculated  from  those 
two  assumptions,  may  be  shown  as  follows  : — 

Let  W  =  Total  weight  of  wheel. 
„       u  —  Angular  velocity  of  wheel 

Then,  according  to  the  first  assumption : — 

m    f.      .                    W«2A2       W«2      R2  +  r* 
The  kinetic  energy  =  — „ =  "2 —  x  — 2 * 

And,  according  to  the  second  assumption : — 

W  w2      (R  +  r)2 
The  kinetic  energy  =  — —  x  — - . 

^            ^    „.~                 W  «2  (  R2  +  r2      (R  +  r)«  ) 
Hence,  the  difference  =  — —  <  — ~ —  -   — 7 f 

_  W  «2      (R  -  r)2 

That  is,  the  kinetic  energy  in  the  first  case  is  greater  than 

that  in  the  second  case  by  -^-  *  - — ^-^  .     This  difference, 

however,  becomes  less  as  R  -  r  diminishes — that  is,  as  r  ap- 
proaches R.  On  the  other  hand,  it  gets  greater  the  thicker 
the  rim.  The  radius  of  gyration  in  the  first  case  —  viz., 
it2  =  £  (R2  +  r2),  is  too  great ;  because  the  effect  of  the  arms 
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and  nave  is  to  reduce  that  radius,  whereas  the  other  result, 
k  =  J  (R  +  r),  may  be  too  small.  It  sometimes  happens  that 
a  closer  approximation  may  be  obtained  by  taking  the  arith- 
metical mean  of  the  above  results,  thus : — 

The  kinetic  energy  \  _  W^       ,    f  R2  +  f*      (R  +  r)»  \ 
of  the  wheel         J         2^        *   (        2  4       j 

r^lc  {3(R  +  r)'-4Rr} 

(2)  2?y  ifopcrtmsn*  on  the  Wheel. — When  accurate  results  are 
required,  we  may  determine  the  radius  of  gyration  of  the  wheel 
experimentally  as  follows : — 

Disconnect  the  flywheel  and  its  shaft  from  all  other  moving 
pieces,  and  see  that  the  shaft  runs  smoothly  in  its  bearings. 
Fit  a  flat  pulley  on  the  shaft  and  wind  a  few  turns  of  flexible 
rope  in  a  single  layer  round  the  same.4.  To  the  free  end  of  this 
rope  attach  a  weight  sufficiently  heavy  to  cause  the  flywheel  to 
rotate  at  a  uniform  speed  when  started  by  the  hand.  This 
weight  should  just  supply  the  energy  absorbed  by  the  friction  of 
the  shaft  in  its  bearings  and  the  bending  of  the  rope.  Now 
rewind  the  rope  on  the  pulley  and  add  another  weight  to  its 
free  end,  so  that  the  wheel  will  now  start  rotating  when  the 
weights  are  allowed  to  fall.  Note  the  time  taken  by  the  weights 
in  falling  a  known  distance.  The  height  through  which  the 
weights  fall,  and  the  diameter  of  the  pulley  being  known,  it  is 
easy  to  calculate  both  the  speed  of  the  wheel  and  the  falling 
weights,  and  hence  their  kinetic  energies  at  the  instant  when 
the  latter  reach  the  ground. 

Another  method  of  allowing  for  the  friction  of  the  bearings, 
&c,  is  to  use  only  one  weight  Note  the  exact  number  of  turns 
which  the  wheel  makes  (after  the  weight  has  ceased  to  act) 
until  it  comes  to  rest.  Then  neglecting  the  atmospheric  resist- 
ance (which  will  be  very  small  in  an  experiment  of  this  kind) 
the  work  absorbed  at  the  bearings  will  be  equal  to  the  kinetic 
energy  of  the  wheel  at  the  instant  when  the  weight  ceases 
to  act. 

These  methods  will  be  better  understood  when  stated 
thus : — 

*  If  the  flywheel  shaft  be  of  sufficient  diameter,  this  pulley  may  be 
dispensed  with,  and  the  rope  need  then  be  simply  wound  round  the  shaft. 
If  a  convenient  direct  drop  for  the  weights  cannot  be  arranged  for,  then 
the  rope  may  pass  round  a  guide  pulley  fixed  to  the  roof,  but  in  this  case 
the  kinetic  energy  of  this  pulley  must  be  allowed  for. 
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Let  W  =  Weight  of  flywheel  in  lbs. 
„    w  =  Weight  producing  motion  of  wheeL 
„   Wy  =  Weight  required  to  balance  friction. 
„     k  =  Radius  of  gyration  of  flywheel  in  feet. 
„     h  =  Height  through  which  w  and  wx  fall  in  feet. 
„    D  =*  Diameter  of  pulley  keyed  to  shaft  in  feet. 
„     d  =  Diameter  of  rope  in  feet. 
„      t  =  Time  taken  by  weight,  w>,  in  falling  to  the  ground 

in  seconds. 
„     n  a  Number  of  revolutions  /rar  second  which  wheel  is 

making  at  instant  when  to  reaches  the  ground. 
„  v  =  Velocity  with  which  to  and  «?,  strike  the  ground. 
„    N  =  Number  of  revolutions  made  oy  wheel  after  to  ceases 

to  act. 

Firstly.  —  When  wx  is  employed  to  balance  the  frictional 
resistances.  All  the  energy  exerted  by  w  is  employed  in  giving 
kinetic  energy  to  the  wheel. 

But,  Energy  exerted  =  w  h. 

And,        Change  \        (  Kinetic   )        (  Kinetic  energy  of  wand 
?f  kinetic  >  =  <  energy  of 
energy    )        (     wheel 


of  kinetic  }>  =  -^  energy  of\  +  I      wx  when  they  reach 
J        (      the  ground 


W  x  4*&n2k2       (iv  +  wx)v2 
2g  +  2g        % 

W  x  4ff2«!^      (w  +  i0t)  v2 
2^  +  2^ 


0) 


The  revolutions,  n,  and  the  linear  velocity,  v,  of  the  falling 
body  at  the  instant  when  the  latter  reaches  the  ground  can  be 
determined  as  follows,  when  t,  D,  and  d  are  known : — 


Number  ofrevoh.  made  by  )  h 


K- 


wheel  during  action  of  w  j       «x(D  +  e£) 

•\     Average  number  of\  h 

revols.  per  secoivd  j  *  ?F(D~+~3)7 

.".  n  =  2Wce  £fo  average, 

2h 


(2) 


*r(D  4-  c/)J 


(3) 


Similarly 


r  =  Twice  average  linear  velocity  of 


w  and  w} 


2h 

t 


<*> 
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.'.     From  equation  (1)  we  get : — 

W  x  4*«  x  4A«  x  k*    (w  +  wjxjh* 
WA"    2gx**(D  +  dffi  +        2gxfl 

g(b  +  dyt*     w  g~P        *    '    "    (      ' 

Secondly. —  When  the  number  of  turns  made  by  wheel  after  10 
ceases  to  act  is  known, 

Energy  exerted  =  w  h. 


Work  done  on  friction  dur-  \  (  Kinetic  energy  of  wheel  at 
ing  last  N  revolutions  of  >  «  I  instant  when  w  ceases  to 
wheel  I        I      act 


"  2^  • 

But,  by  equation  (2),  the  wheel  makes  — j^r-  -  -  »  revolutions 
during  the  action  of  w. 

.\   Work  done  on  friction  \  =  W  x  4^n2^  x  t(D  +  d) 
during  action  of  w      J  2g  N 

From  equation  (3),  we  get : — 

S \h_ 

W  x  I  fl-2  x *  * x  U 

..       Workdon, g- ^(to  +  ^N 

8"WA8A* 


</«r(D  +  rf^N' 

CA«»?*  0/  1       W  x  i**n*k*  +  W 

kinetic  energy  J  2  ^  2  y 


_8WA*A*         2wA» 


_  ,  8WA»)P  8WA«A«        2wA» 

Hence,  «,A  -  — ^—^^  +  ———^  +  _^_. 

8WAA*     f  A  .1       „(,       2A) 


energy  op  flywheels. 
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Equations  (XV)  and  (XVI)  enable  us  to  find  the  radius  of 
gyration,  k,  when  the  data  are  furnished  by  experiment. 

If  the  wheel  whose  radius  of  gyration  has  to  be  found  cannot 
be  conveniently  experimented  on,  then  the  radius  of  gyration 
of  another  similar  wheel  may  be  determined,  and  that  for  the 
first  wheel  calculated  therefrom.  It  is  easy  to  show  generally 
that  the  moments  of  inertia  of  two  similar  bodies  rotating  about 
similarly  placed  axes  are  as  the  fifth  powers  of  their  like  linear 
dimensions. 


Moments  of  Inertia  of  Similar  Bodies. 

Let  A  B,  and  a  b,  be  any  two  similar  bodies  whose  axes  O, 
and  o,  are  similarly  situated.  Let  the  linear  dimensions  of  the 
larger  body  be  n  times  those  of  the  smaller.  Taking  similar 
parts  at  P,  and  p>  so  that  P  is  n  times  as  large  as  p  in  each 
direction,  it  is  evident  that  their  masses  will  be  in  the  propor- 
tion of  n8  :  1. 

i.e.y  Mass  of  dement  at  P  :  Mass  of  corresponding  element  at  p 
=  nzm  :  m.     Also,  if  op  =  x,  then  OP  =  »ir. 

,\   Mom.  of  inertia  o/AB  about  O  =  2n8w  x  (n  x)2  =  n6  2  m  as2, 

and,  Mom  of  inertia  of  a  b  about  Q  «  Smai2. 

Mom.  of  inertia  of  AB  :  )          -    t  /YVm 

Mom.  of  inertia  of  abf    "  n  '  l (aviij 

Thus,  if  two  flywheels  are  made  from  the  same  drawing,  but 
the  scale  in  the  one  case  be  4  inches  to  the  foot,  and  in  the  other 
H  inches  to  the  foot,  then  their  like  linear  dimensions  will  be 
inversely  as  the  scales  to  which  they  are  drawn,  that  is : — 

Size  ofjwst  wheel  :  Size  of  second  wheel  —  1 J  :  4  «  3  :  8. 

.-.  Mom.  of  inertia  of  first  wheel  :  Mom.  of  inertia  of  second 
wheel  -  36  :  8*  -  243  :  32768  -  1  :  134-8  nearly. 
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Centripetal  and  Centrifugal  Force. — If  a  body  is  observed  to 
be  moving  in  a  curvilinear  path,  either  with  uniform  or  variable 
speed,  we  at  once  infer  that  it  is  being  continually  acted  upon 
by  some  deviating  force  directed  towards  the  inside  of  the  curve. 
In  the  case  of  a  body  moving  in  a  circular  path,  that  deviating 
force  must  be  directed  towards  the  centre  of  the  circle.  Hence, 
a  body  may  be  made  to  move  in  a  circular  path  either  by  having 
it  attached  to  a  fixed  point  (the  centre)  by  an  inextensible 
string,  or  by  compelling  it  to  move  in  a  circular  groove.  The 
necessary  deviating  force  is  supplied  in  the  first  case  by  the 
string  attached  to  the  body,  while  in  the  second  case  it  is 
supplied  by  the  sides  of  the  groove.  In  either  case  this 
centrally-directed  force  is  called  tho.  Centripetal  Force,  while 
its  reaction  is  called  the  Centrifugal  Force.  These  terms  may 
be  defined  as  follows  : — 

Definition. — Centripetal  Force  is  that  force  which  a  guiding 
body  exerts  on  a  revolving  body  in  order  to  compel  the  revolving 
body  to  move  in  its  curvilinear  path,  and  is  always  directed 
towards  a  fixed  centre. 

Definition. — Centrifugal  Force  is  the  force  with  which  a 
revolving  body  reacts  on  the  body  that  constrains  it  to  move  in 
a  curved  path,  and  is  equal  and  opposite  in  direction  to  the 
force  with  which  the  constraining  body  acts  on  the  revolving 
body. 

i.e.,  Centripetal  Force  =  Centrifugal  Force. 

We  stated  in  Lecture  XX.  that  when  the  velocity  of  a  body 
changes,  whether  in  magnitude  or  in  direction,  the  velocity  is 
said  to  be  accelerated,  and  we  have  there  shown  how  to  measure 
this  acceleration  in  the  case  of  a  particle  moving  with  uniform 
speed  in  a  circle.  Thus,  the  radial  or  centripetal  acceleration  is 
there  shown  to  be : — 

a  =  —  • 

r 

Where,     v  =  Linear  velocity  of  the  particle  in  the  circle, 

and,  r  =  Radius  of  the  circle. 

But  an  acceleration  of  a  body  can  only  be  produced  by  the 
action  of  some  force  on  it,  and  in  the  last  Lecture  we  have 
shown  how  this  force  is  measured  when  the  weight  of  the  body 
and  the  acceleration  are  known.     Hence :— 
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Let  w  =  Weight  of  particle  moving  uniformly  in  a  circle. 
„     v  =  Linear  velocity  of  particle  in  circle. 
„     r  =  Radius  of  circle. 
„    F  =  Centripetal  or  centrifugal  force. 

v2 
„     a  =  Centripetal  acceleration  =  — . 

T 
P  W  n  WV% 

r  =  —  a  =  — - -      •    •    . 


Then, 


9 


gr 


(XVIII) 


We  may,  however,  establish  the  same  result  in  a  different 
manner  as  follows  : — 

Let  F  be  the  position  of  the  particle  at  any  instant,  and  Q 
its  position  after  a  small  interval  of  time,  U  If  no  force  acted 
on  the  body  during  that  small  in- 
terval of  time,  it  would  move  along 
the  tangent  P  T,  and  at  the  end  of 
the  interval  be  found  at  T,  such 
that:— 

PT  =  vt. 


But  Q  is  its  actual  position  ;  there- 
fore T  Q  represents  the  deviation  due 
to  the  centripetal  force  during  that 
interval  of  time.     Join  Q  A. 

Then,        T  Q  =  ±  a  t*. 

Centripetal  Forob. 
But,  since  PT  and  QT  are  very 
small,  T  Q  A  will  be  very  nearly  a  straight  line. 

PT*  =  T  A  x  T  Q        [Euc.  III.,  35] 
„      =(QA  +  TQ)xTQ 
„      =QAxTQ  +  TQ2. 

In  the  limit,  when   t  is  infinitely  small   and,  therefore,    Q 
infinitely  near  to  P,  we  may  neglect  T  Q2,  and  put  Q  A  =  P  A 

«8t2  =  2rxia<2, 


a  = 


This  is  the  same  result  as  obtained  by  means  of  the  Hodograph 
in  Lecture  XX. 
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Centrifugal  force  =  -  a  =  ^- 

Let  a  =  Angular  velocity  of  radius  O  P. 
Then,  v  =  «r, 

P  =  »*£  =  «L^ (XIX) 

gr         g  v      ' 

This  shows  that  the  centrifugal  force  is  proportional  to  the 
square  of  the  angular  velocity  of  the  particle,  and  to  its  distance 
from  the  centre  of  rotation. 

We  may  now  show  that  a  similar  expression  holds  good  for 
the  case  of  an  extended  rigid  body  turning  about  an  axis. 

Taking  any  particle  of  the  body  of  weight  10,  and  at  a  distance 
x  from  the  axis  of  rotation,  we  get : — 

Cent,  force  of  the  element  =  

9 

Cent,  force  of  whole  body  =  — *Zwx. 

But,  2wa;  =  Wr. 

Where  W  =  Weight  of  body, 

And        r  =  Distance  of  centre  of  gravity  of  body  from  axis 
of  rotation. 

F=^ (XX) 

Hence,  if  the  axis  of  rotation  passes  through  the  centre  of 
gravity  of  the  body,  the  centrifugal  force  is  nil.  If,  however, 
the  body  be  unsymmetrical  about  the  axis  of  rotation,  there  may 
be,  as  explained  in  the  next  Lecture,  a  centrifugal  couple  tending 
to  twist  the  axis  of  rotation  and  make  the  body  rotate  about 
some  other  axis. 

Example  VIII. — A  railway  carriage  weighing  4  tons  is  moving 
at  the  rate  of  60  miles  per  hour  round  a  curve  \  mile  in  radius. 
Find  the  pressure  on  the  rails  due  to  centrifugal  force;  also, 
how  much  the  outer  rail  should  be  higher  than  the  inner  rail  in 
order  that  the  pressure  may  be  equally  distributed  on  both? 
The  distance  between  the  rails  is  4  feet  8£  inches. 

Answer.— Here,  W  =  4  x  2240  lbs.  ;r  =  Jx  5280  =  1320 

60  x  5280       UQ  ^ 
feet ;  v  =  -^g gg-  =  oo  ft.  per  sec. 

.%  Centrifugal  \      W  w*      4  x  2240  x  88  x  88  ... 

force       }  =  -gj  -  32  x  1320 W42-71b* 
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Hence,  if  both  the  inner  and  the  outer  rails  were  on  a  level, 
the  flanges  of  the  wheels  would  press  on  the  latter  with  a  force 
of  1642*7  lbs.  By  raising  the  outer  line  of  rails  above  the  level 
of  the  inner  one,  the  carriage  may  be  made  to  lie  on  an  incline, 
and  the  outer  rails  thus  relieved  of  the  centrifugal  pressure. 

Let  h  =  Height  of  the  outer  rail  above  level  of  the  inner  rail. 
„  I  =  Distance  between  the  rails  =  4  ft.  8£  ins.  =  56}  ins. 
„  F  =  Centrifugal  force  on  carriage  =  1642*7  lbs. 

Then,  as  a  question  on  the  Inclined  Plcme,  we  get : — 


P  :  W  -  h  :  I 
F 


*"*WxU4x  2240 


^r  x  56  J  =  104  inches  nearly. 


Example  Villa. — An  engine  is  running  on  level  rails  round 
a  curve  of  radius,  r,  the  distance  between  the  rails  is  </,  and  the 
height  of  the  centre  of  gravity  above  the  rails  is  h.     Prove  that 


if  the  velocity  exceeds 


fgrd 
V    27* 


the  engine  will  fall. 


Show  whether  in  general  for  a  particular  carriage  it  would  be 
safer  for  the  engine  to  push  or  pull  a  train. 

Answer. — When  a  body  of  weight,  W,  or  mass,  M,  is  moving 
in  a  circle,  the  normal  force  acting  at  every  instant  to  deflect  it 
from  its  straight-line  path  (usually  called  the  centrifugal  force) 
is  given  by 

gr  2     r    * 

(Where  W  denotes  the  weight  and  M  the  mass  of  the  body,  v 

the  velocity  of  the  body  in  feet  per  second, 

r  is  the  radius  of  the  circular  path  in  feet, 

and  g  the  acceleration  due  to  gravity.)     To 

balance  this  there  must  be  a  force  supplied 

by  the  flange  against  the  rail,  A  ;  denote 

this  by  R 

The  weight,  W,  of  the  engine  may  be 
supposed  to  act  at  its  centre  of  gravity,  G. 
Then,  taking  moments  about  A,  the  moment 

of  F  is  F  x  A,  and  the  moment  of  W  is  W  x  -.  >    t 

L 

So  long  as  the  moment  of  the  weight   is  greater  than  the 


_rm_. 


i 
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moment  of  F,  equilibrium  is  stable.     When  F  h  is  greater  than 
W  x  — ,  the  engine  will  overturn,  and  is  just  on  the  point  of 

overturning  when  F  h  =  W  x  9,  and  this  obviously  gives  the 
limiting  speed. 
Thus  we  ha\> 
And  substituting  for  F, 


Thus  we  have  F  x  h  =  W  x  ^ 


W*2 

9* 

X 

h 

V 

— 

w 

V 

d 

X  2 

fgrd 
2A- 

If  the  engine  is  pushing  a  given  carriage,  the  pressure  on  the 
outer  rail,  A,  is  increased,  and,  therefore,  the  tendency  to  over- 
turn. The  reverse  occurs  during  the  process  of  pulling ;  hence 
it  is  safer  for  the  engine  to  pull  than  to  push. 

The  preceding  is  probably  the  simplest  method  of  treating 
the  problem ;  more  accurately,  in  addition  to  the  centrifugal 
action,  there  is  the  gyroscopic  action  of  the  rotating  wheels  to 
be  taken  into  account,  this  gyroscopic  action  increasing  the 
pressure  on  the  outer  rail  and  diminishing  the  pressure  on  the 
inner,  and,  therefore,  increasing  the  tendency  to  overturn  the 
engine. 

Straining  Actions  due  to  Centrifugal  Forces.— Whenever  a 
body  rotates  about  an  axis,  the  material  of  that  body  becomes 
strained  by  reason  of  the  centrifugal  forces  set  up.  Thus,  in 
the  case  of  a  flywheel  or  pulley,  the  centrifugal  forces  set  up 
may  be  sufficient  to  tear  the  rim  from  the  arms,  the  arms  from 
the  nave,  or  to  burst  the  rim.  In  Lecture  XVIII.,  Vol.  I., 
we  explained  the  effects  of  the  centrifugal  forces  acting  on  a 
belt  when  moving  over  a  pulley  with  a  high  velocity.  We 
there  showed  that  the  tensions  in  the  two  parts  of  the  belt 
were  increased  by  the  centrifugal  action  on  that  part  of  the  belt 
which  is  in  contact  with  the  pulley.  We  shall  now  show  that 
similar  effects  occur  in  a  rapidly-revolving  flywheel  or  pulley. 

Suppose  we  have  a  flywheel  built  up  of  segments,  each 
segment  being  attached  to  an  arm,  while  they  are  also  attached 
to  each  other  by  dowels  and  cotters,  or  bolts,  <fec.  Let  the 
weight  of  each  segment  be  W ;  the  distance  of  its  centre  of 
gravity  from  the  axis  of  rotation,  r,  and  the  angular  velocity 
of  the  wheel,  «.  Then,  neglecting  the  assistance  afforded  by 
the  connection  between   the  various   segments,  it  is  obvious 
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that  the  tension  in  the  arm  co  which  the  segment  is  attached 
is  : — 

Ww2r 


P^ 


9 


The  arm  must,  therefore,  be  made  strong  enough  to  withstand 
this  stress. 

Again,  in  the  case  of  a  solid  rim,  the  effect  of  the  centrifugal 
forces  is  to  burst  it  along  a  section  made  by  a  plane  containing 
the  axis  of  the  shaft     Let  the  figure  represent  the  rim  of  a  fly- 
wheel.    Then,  in  order  to  eal- 

Jv  culate  the  stress  in  its  material 

'  \    ^^         "*^*-  at  any  section,  AB,  made  by 

a  plane  containing  the  axis, 
O,  consider  the  effects  of  a 
thin  slice  of  the  rim  at  a  b. 

Let  W  -  Total  weight  of 
rim. 

„  r  -  Mean  radius  of 
rim. 

.,  x  -  Length  of  small 
arc  a  b  of  mean 
rim. 

,,  flu  =  Angular  velocity 
of  wheel. 


Stress  in  Rim  of  Flywheel  Dub 
to  Centrifugal  Force. 


T,  WeigM  of  slice  ab  _       Arc  a  b  of  mean  rim       _     x 

9       WeiglU  of  rim     ~"  Circumference  of  mean  rim  ~~  2  a-  r. 

W 
,\     Weight  of  element  ab  =  7c —   x  x. 

z  t  r 

The  centrifugal  force  of  the  element  at  a  b  is  : — 

W        cfr  Ww* 

/  ■=  n *  X  SB  =  -jr—     x. 

2ffr        g  2T0r 

This  force  acts  through  the  e.g.  of  the  element.  Resolve  f  in 
directions  parallel  and  perpendicular  to  AB.  The  latter  com- 
ponent only  is  effective  in  producing  stress  at  the  sections 
A  and  B. 

,\  Stress  at  sections  A  and  B  due  )         -  .     .       W  w2  . 

j   r  1  1    \  —  f  sin  9  = x  £Sin& 

to  cent,  force  on  element  ab  J  2 *g 

Where,  ^  =  ^AO/ 
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From  a  and  b  drop  the  perpendiculars  a  n»,  bn  on  A  B,  nnd 
through  a  draw  a h  perpendicular  to  bn.  Then  ^  a 6  A  =  4 
and  a?  sin  0  =  a  A  =  to  ra. 

£/r«*  a£  sections  A  an<£  B  cfatf  )    _  W  «2 

to  ant.  /orce  on  element  ab  ]    =  2*g  *  mn' 

Continuing  this  reasoning  for  all  the  slices  from  A  round  to  B, 
and  adding  the  results,  we  get : — 

Total  stress  over  |      w   ,  W«*      0        W«*r 

sections    at   A>  =  -^2wn=  -^ —  x2r= . 

andB  J       2flr^  2<r^  *9 

Let  A  =  Area  of  section  of  rim  at  A,  or  B,  in  square  inches. 
„      p  =  Stress  in  lbs.  per  square  inch  over  section. 
„     w  —  Weight  of  a  cubic  foot  of  material  of  rim. 

Total  stress  over  section  at  A  or  B 


Then, 

P  = 

Area 

of  section 

"• 

Or, 

P™ 

}x 

W«2r 
A 

2*0  A' 

But, 

W  = 

Area  of  cross  section  of  rim  in 

s?. 

A 

• 

W  = 

A 

x  2  $r  r  to. 

x  2<rrw. 


P- 


144 
Substituting  this  in  the  last  equation,  we  get : — 

W  c*Pr2 
144  g 

Or,  if  7i  =  Revolutions  of  wheel  per  second, 
d  =  Diameter  of  rim  in  feet, 
v  =*  Velocity  of  rim  in  feet  per  second  =  «r. 

w*2cPn*»  .       ■ 

Then,  p  =  — 1AA„  -  lbs.  per  square  inch. 


(XXI) 


144  g 


Or, 


1440 


(XXII) 


From  this  we  see  that  the  stress  per  square  inch  does  not 
depend  on  the  cross  area  of  the  rim  nor  the  diameter  of  the 
wheel,  but  only  on  the  density  of  the  material  and  its  speed. 
It  will  also  be  observed  that  the  centrifugal  force  in  the  rim  is 
similar  in  effect  to  a  hydrostatic  pressure  on  the  inside  of  a 
cylindrical  vessel. 
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Example  IX. — A  flywheel,  21  feet  in  diameter,  makes  100 

revolutions   per   minute.      The  weight  of  a  cubic  foot  of  its 

material  is  418  lbs.    Find  the  intensity  of  stress  on  a  transverse 

section  of  rim,  assuming  that  it  is  unaffected  by  the  arms.     If 

the  safe  stress  permissible  in  the  material   is  6,000  lbs.  per 

square  inch,  what  is  the  greatest  speed  at  which  the  wheel  can 

be  run  with  safety  % 

Answer. — Here,  w  =  448  lbs.  per  cubic  foot;  d  =  21  feet; 

100       5         ,     , 
n  =  -gjj-  =  ^  revolutions  per  second. 

Therefore,  from  equation  (XXII),  we  get: — 

Stress  in  rim = p  =  -^-ta 

/22\*  /5\2 

448  x(-^)   x212x(2) 

Or,  p  = li-i — — ^-  =  H76-4  lbs.  per  sq.  in. 

144   x   o'Z 

Next,  let  n  =  Maximum  number  of  revolutions  per  second 
which  the  wheel  can  make  without  bursting. 

Then,  from  the  previous  formula : — p  -  — ^- — i 

—        .            2       Uigp  12     \^~p 

We  get,         n2  =  ££»  or,  n  =  — j\  — 

Substituting  p  =  6,000,  and  the  values  for  the  other  letters, 
we  get : — 

12  /32  x  6000       ono  nneo 

n  =  2o \/  — rig =  3-76  revs-  Per  sec-  =  225'6  Per  nun. 

Y  *  21 


Note. — Students  should  refer  to  the  author's  Text- Book  on  Steam  and 
Steam  Enyines,  Lecture  XVII.,  for  a  discussion  of  the  effects  of  the  inertia 
of  the  moving  parts  of  an  engine. 
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Lkctumb  XXII.  —  Questions. 

1.  "Define  the  terms  moment  of  inertia  and  radius  of  gyration  of  a  body. 
Find  the  moment  of  inertia  of  rectangular  lamina — first,  with  respect  to 
one  edge ;  secondly,  with  respect  to  a  diagonal. 

2.  An  axis  is  drawn  through  the  centre  of  gravity  of  a  body  whose  mass 
is  M  ;  a  second  axis  is  drawn  parallel  to  the  former  and  at  a  distance,  h, 
from  it.  If  I  denotes  the  moment  of  inertia  of  the  body  with  respect  to 
the  first  axis,  show  that  the  moment  of  inertia  with  respect  to  the  second 
axis  is  I  +  M  K2.  A  fine  wire  of  uniform  thickness  is  bent  into  the  form 
of  a  circle  whose  radius  is  r;  find  its  moment  of  inertia  with  respect 
to  an  axis  passing  at  right  angles  to  the  plane  of  the  circle  through  a 
point  in  the  circumference.     A  »8.  jMr3. 

3.  State  and  prove  the  theorem  of  moments  of  inertia  for  parallel  axes. 
Find  the  moment  of  inertia  of  a  cylinder  about  a  line  perpendicular  to  its 
axis  through  itB  mid  point.     (S.  &  A.  Theor.  Mechs.  Hons.  Exam.) 

4.  A  wheel  and  axle  are  composed  of  the  same  specific  gravity.  The 
wheel  is  4  feet  radius,  and  0  inches  thick.  The  axle  is  6  inches  radius  and 
4  feet  long.  Find  radius  of  gyration  of  the  whole  about  the  axis.  Ana, 
k=   Jfl25  =  267  ft. 

5.  The  rim  of  a  flywheel  is  rectangular  in  section,  6  inches  wide,  outside 
and  inside  radii  6  and  5  feet  respectively.  The  nave  is  cylindrical,  2  feet 
long  aid  1  foot  in  diameter.  There  are  eight  cylindrical  spokes  of  4  inches 
diameter.     Find  the  radius  of  gyration  of  the  wheel.     A ns.  4*8  ft. 

6.  Show  that  the  kinetic  energy  of  a  body  revolving  with  an  angular 
velocity,  «,  about  a  given  axis  is  \  I  »2,  where  I  denotes  the  moment  of 
inertia  of  the  body  with  reference  to  the  axis.  A  flywheel  has  a  mass  of 
30  tons,  which  may  be  supposed  to  be  distributed  along  the  circumference 
of  a  circle  8  feet  in  radius  ;  it  makes  20  revolutions  a  minute ;  find  its 
kinetic  energy  in  foot-pounds.     Ana.  295,000  ft.  -lbs. 

7.  Find  the  moment  of  inertia  of  a  rectangular  lamina  about  an  edge. 
A  retangnlar  lamina,  whose  shorter  edges  are  4  feet  long,  turns  round  one 
of  its  longer  edges  50  times  a  minute.  It  weighs  441  lbs.;  find  its  kinetic 
energy.  Ana.  1008*3  ft. -lbs. 

8.  When  a  rigid  body  turns  round  an  axis,  what  relation  exists  between 
its  angular  velocity  and  its  kinetic  energy  ?  A  rod  of  uniform  density  can 
turn  freely  round  one  end ;  it  is  let  fall  from  a  horizontal  position ;  what 
is  its  angular  velocity  when  it  reaches  its  lowest  position  ?    Prove  your 

equations.  Ana.  »  =  *\-r-' 

9.  How  do  yon  estimate  the  total  energy  possessed  by  a  body  when 
moving  with  both  translation  and  rotation?  Find  the  velocity  of  the 
centre  (1)  when  a  hoop,  (2)  when  a  disc,  and  (3)  when  a  sphere  rolls  down 

an  inclined  plane  of  height,   h.      Ana.   (1)  v  =*  ^JgK    (2)  v  =  2  ^   —■* 

(3)»-     S  ** 
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10.  Sketch,  and  explain  the  principle  of  the  action  of,  a  fly-press  for 
stamping  metals.  If  a  velocity  of  5  feet  per  second  is  given  to  the  balls 
of  such  a  press,  and  their  motion  is  stopped  after  the  screw  has  made  one- 
quarter  of  a  turn  from  the  time  that  the  die  touches  the  metal,  the  pitch 
of  the  screw  being  4  inch ;  find  the  weight  of  the  balls,  so  that  the  pressure 
exerted  may  be  4,000  lbs.     Ans.  26*67  lbs.  each. 

11.  Two  weights  of  100  lbs.  each  are  placed  at  the  ends  of  the  arms  of  a 
fly-press,  and  are  moving  with  a  velocity  of  12  feet  per  second.  How 
many  foot-pounds  of  work  must  be  expended  in  bringing  them  to  rest  ? 
Hence  explain  the  mechanical  action  of  the  fly-press  as  a  machine  for 
punching  or  stamping  metals.     Ans.  450  ft.  lbs. 

12.  In  a  fly-press  there  are  two  weights,  each  of  60  lbs.,  placed  at  the 
ends  of  an  arm  which  drives  the  screw ;  and  the  velocity  of  each  weight  at 
the  instant  of  striking  the  blow  is  10  feet  per  second.  The  die  at  the  end 
of  the  screw  moves  through  ^  inch  in  coming  to  rest ;  what  mean  statical 
pressure  does  it  exert  on  the  metal  subjected  to  the  operation  of  stamping  ? 
An*.  22,600  lbs. 

13.  In  a  fly-press  for  stamping  metals  a  ball  of  70  lbs.  is  placed  at  each 
end  of  the  lever  attached  to  the  head  of  the  screw.  At  the  moment  of 
striking  the  blow  the  weights  have  a  velocity  of  550  feet  per  minute,  and 
the  die  at  the  end  of  the  screw  indents  the  metal  to  a  depth  of  -fa  inch 
before  coming  to  rest.  What  would  be  the  mean  statical  pressure  exerted 
on  the  metal?  Ans.  26,468*75  lbs. 

14.  Prove  that  the  kinetic    energy  of   a  train  of    railway  carriages 

moving   with   velocity,  v,  isiW  +  tofl+  -5)  k~^*  Mbs.,  where  w 

denotes  the  weight  of  the  wheels  and  axles ;  W  the  weight  of  the  rest  of 
the  train ;  r  the  radius  of  the  wheels,  and  k  the  radius  of  gyration  of  a 
pair  of  wheels  about  their  axis,  the  units  being  feet,  lbs.,  and  seconds. 
Determine  the  acceleration  with  which  the  train  would  freely  descend  an 
incline  of  inclination, «. 

15.  Describe  and  show  by  the  necessary  sketches  the  construction  of  a 
fly-press  for  punching  holes  in  iron  plates.  In  such  a  press  the  two  balls 
weigh  30  lbs.  each,  and  are  placed  at  a  radius  of  30  inches  from  the  axis 
of  the  screw,  the  screw  itself  being  of  1  inch  pitch.  What  diameter  of 
hole  could  be  punched  by  such  a  press  in  a  wrought -iron  plate  of  £  inch  in 
thickness  ;  the  shearing  strength  of  the  metal  being  22*5  tons  per  square 
inch  ?  (Consider  that  the  balls  are  revolving  at  the  rate  of  60  revolutions 
per  minute  when  the  punch  comes  into  contact  with  the  metal,  and  that 
the  resistance  of  the  plate  is  overcome  in  the  first  sixteenth  of  an  inch  of 
the  thickness  of  the  plate.)    (8.  &  A.  Adv.  Exam.,  1896.)    Ann.  1*12  ins. 

16  A  pendulum  bob  weighing  20  lbs.  is  suspended  by  a  wire,  the  length 
from  the  point  of  suspension  to  the  centre  of  the  bob  being  16  feet.  The 
pendulum  swings  through  an  angle  of  30°  on  each  side  of  the  vertical; 
find  its  potential  energy  when  in  the  highest  position,  and  its  velocity  when 
passing  the  lowest  point.  (S.  &  A.  Adv.  Exam.,  1895. )  Am.  42*88  ft.  lbs. ; 
11*71  ft.  per  second. 

17.  A  flywheel  weighs  10,000  lbs.,  and  is  of  such  a  size  that  the  matter 
composing  it  may  be  treated  as  if  concentrated  on  the  circumference  of  a 
circle  12  feet  in  radius;  what  is  its  kinetic  energy  when  moving  at  the 
rate  of  15  revolutions  a  minute  ?  How  many  turns  would  it  make  before 
coming  to  rest  if  the  steam  were  cut  off  and  it  moved  against  a  friction  of 
400  lbs.  exerted  on  the  circumference  of  an  axle  1  foot  in  diameter? 
Ans.  55,520  ft. -lbs.;  44*2  turns. 

18.  The  sectional  area  of  the  rim  of  a  cast-iron  flywheel  is  12  square 
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inchos  and  the  mean  radius  (or  radius  of  gyration)  is  25  inches ;  what  is 
the  kinetic  energy  at  150  revolutions  per  minute?  What  moment  of  con- 
stant magnitude,  and  acting  through  one-quarter  revolution,  would  increase 
the  speed  to  155  revolutions  per  minute  at  the  end  of  the  quarter  revolu- 
tion ?  What  would  be  the  length  of  a  solid  wrought-iron  shaft,  5  inches 
in  diameter,  rotating  at  the  same  speed  and  having  the  same  kinetio 
energy  ?  Ana.  35,707,000  ft -lbs. 

19.  Prove  the  formula  for  the  energy  stored  up  in  a  flywheel  on  the 
supposition  that  the  whole  of  the  material  is  collected  in  a  heavy  rim  of 
given  mean  radius.  Apply  the  formula  to  show  ( 1 )  the  effect  of  doubling 
the  number  of  revolutions  per  minute;  (2)  the  effect  of  doubling  the 
weight ;  (3)  the  effect  of  increasing  the  mean  radius  in  the  proportion  of 
3  to  2. 

20.  The  rim  of  a  flywheel  weighs  9  tons,  and  the  mean  linear  velooity  of 
its  mass  is  assumed  to  be  40  feet  per  second ;  how  many  foot-tons  of  work 
are  stored  up  in  it  ?  If  it  be  required  to  store  the  additional  work  of 
9  foot-tons,  what  should  be  the  increase  of  velocity!  Ana,  225  ft. -tons; 
0*79  ft.  per  second. 

21.  A  flywheel  weighs  24  tons,  and  its  mean  rim  has  a  velocity  of 
40  feet  per  second.  If  the  wheel  gives  out  10,000  foot-pounds  of  energy, 
how  much  is  its  velocity  diminished  ?    Ana.  1*455  ft.  per  second. 

22.  A  flywheel  weighing  5  tons  has  a  mean  radius  of  gyration  of  10  feet. 
The  wheel  is  carried  on  a  shaft  of  12  inches  diameter  and  is  running  at 
65  revolutions  per  minute  ;  how  many  revolutions  will  the  wheel  make 
before  stopping  if  the  coefficient  of  friction  of  the  shaft  in  its  bearing  is 
0  065?  (Other  resistances  may  be  neglected.)  (S.  &  A.  Adv.  Exam., 
1896.)    Ana.  354-66  turns. 

23.  A  particle  of  given  mass  moves  with  a  given  velocity  in  a  circle  of 
given  radius ;  state  what  ib  known  as  to  the  force  which  acts  on  the 
particle.  Prove  the  statement.  (S.  &  A.  Adv.  Theor.  Mechs.  Exam., 
1896.) 

24.  If  a  locomotive  weighing  55  tons  runs  round  a  ourve  of  1,200  feet 
radius  at  20  miles  per  hour,  what  is  its  centrifugal  force?  How  much 
higher  in  level  should  the  outer  rail  be  laid  than  the  inner  rail  in  order 
that  the  resolved  part  of  the  weight  of  the  locomotive  should  balance  this 
centrifugal  force  without  pressure  being  exerted  by  the  outer  rail,  the 
gauge  being  4  feet  8}  inches?    An*.  2760*6  lbs. ;  1*27  inches. 

25.  Prove  that  a  railway  carriage  running  round  a  ourve  of  radius,  r, 

will  upset  if  the  velocity  is  greater  than  A /inr»  where  a  is  the  distance 

between  the  rails,  and  h  the  height  of  the  centre  of  gravity  of  the  carriage 
above  the  rails. 

26.  Show  that  by  raising  the  outside  rail  of  a  railway  track  in  going 
round  a  curve  the  tendency  of  the  train  to  leave  the  rails  is  diminished, 
and  that  if  0  be  the  inclination  of  the  floor  of  the  carriage  to  the  horizontal, 

when  there  is  no  lateral  pressure,  tan  0  =  -    ,  where  r  is  the  radius  of  the 

curve,  and  t;  the  velocity  of  the  train.  Hence  show  that  on  a  5-foot  track, 
round  a  curve  of  one-eighth  of  a  mile  radius,  that  for  a  mean  velocity  of 
30  miles  an  hour  the  outside  rail  ought  to  be  raised  5J  inches  above  the 
level  of  the  inside  rail. 

27.  A  body  moves  in  a  circle  with  a  uniform  velocity,  show  that  it  must 
be  acted  on  ny  a  constant  force  tending  towards  the  centre,  and  find  the 
magnitude  of  the  force  in  terms  of  the  radius  of  the  circle,  and  of  the 
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mass  and  velocity  of  the  body.  A  body  weighing  2J  lbs.  fastened  to  one 
end  of  a  thread  4  feet  long  is  swung  round  in  a  circle  of  which  the  thread 
is  the  radius ;  what  will  be  its  velocity  when  the  tension  of  the  thread  is  a 
force  of  20  lbs.  ?  {g  =  32).     Ana.  32  ft.  per  second. 

28.  A  segment  of  a  flywheel  with  the  arm  to  which  it  is  attached  weighs 
3,500  lbs.,  and  the  mass  of  the  portion  may  be  taken  as  collected  at  a 
distanoe  of  8  feet  from  the  axis  of  the  wheel,  which  makes  40  revolutions 
per  minute.  What  is  the  force  tending  to  pull  away  the  segment  and 
arm  from  the  boss  of  the  wheel  ?  You  are  reauired  to  write  out  a  proof  of 
the  formula  whioh  you  employ.    Ans.  15,365  lbs. 

29.  Show  that  the  stress  per  square  inch  on  the  rim  of  a  flywheel  is 
equal  to  the  momentum  of  the  amount  of  rim  (per  square  inch  of  section) 
which  passes  a  fixed  point  in  the  unit  of  time.  Find  the  limiting  speed  of 
periphery,  the  material  being  such  that  a  bar  oi_  uniform  section  900  feet 
long  may  be  supported  by  tension.    Ans.  30  Jg  r, 

30.  A  flywheel  20  feet  in  diameter  makes  80  revolutions  per  minute. 
Find  the  stress  in  its  rim  due  to  centrifugal  forces,  assuming  that  it  is 
unaffected  by  the  connection  with  the  arms.  The  weight  of  a  cubic  foot 
of  the  material  forming  the  rim  is  500  lbs.  What  is  the  maximum  speed 
at  which  the  wheel  can  be  safely  run  if  the* tensile  strength  of  the  material 
has  not  to  exceed  6,000  lbs*  per  square  inch  ?  Ana.  762  lbs.  per  sq.  in. ; 
224*6  revs,  per  min. 

31.  When  the  fly-wheel  of  a  certain  traction  engine  lessens  in  speed 
from  150  to  140  revolutions  per  minute,  there  is  a  loss  of  kinetic  energy 
(on  the  motion  of  the  whole  engine  as  well  as  the  fly-wheel)  of  25,000 
foot-pounds. 

If  the  speed  is  160  revolutions  per  minute,  how  far  will  the  engine 
travel  up  an  ascent  of  1  in  100  before  coming  to  rest,  if  engine  and  truck 
together  weigh  30  tons,  and  there  is  a  constant  frictional  resistance  on 
a  level  road  of  20  lbs.  to  the  ton  ?    (S.  &  A.  Adv.  Exam  1897. ) 

32.  The  centre  of  gravity  of  a  body  of  100  lbs.  is  revolving  at  15  ins. 
from  an  axis,  at  250  revolutions  per  minute.  What  is  its  centrifugal 
force?    Prove  the  Rule.    (8.  &  A.  Adv.  Exam.,  1897.) 

33.  Describe  experiments  to  compare  the  speed  of  a  flywheel  with  the 
work  given  to  it  by  a  falling  weight.  If  you  have  not  made  such  experi- 
ments, so  that  the  exact  method  of  finding  the  Bpeed,  of  correcting  for 
friction,  &o.,  are  unknown  to  you,  you  had  better  not  attempt  this 
question.    (S.  and  A.  Adv.,  1899.) 

34.  A  flywheel  is  required  to  store  12,000  ft -lbs.  of  energy  as  its  speed 
increases  from  98  to  102  revolutions  per  minute ;  what  is  its  moment  of 
inertia?  The  wheel  is  a  solid  disc  of  cast  iron,  its  thickness  one-tenth 
of  its  diameter,  what  is  its  diameter?  Prove  the  formula  you  use 
for  calculating  its  moment  of  inertia.     Ans.  86,400  ft. -lbs. ;  14*3  feet. 

(B.  of  E.  H.,  PartL,  1900.) 

35.  A  flywheel  of  a  shearing  machine  has  150,000  foot-pounds  of  kinetic 
energy  stored  in  it  when  its  speed  is  250  revolutions  per  minute,  what 
energy  does  it  part  with  during  a  reduction  of  speed  to  200  revolutions  per 
minute?  If  82  per  cent,  of  this  energy  given  out  is  imparted  to  the  shears 
during  a  stroke  of  2  inches,  what  is  the  average  force  due  to  this  on  the 
blade  of  the  shears?    (B.  of  E.  Adv.,  1902.) 

36.  A  flywheel  weighs  5  tons  and  its  radius  of  gyration  is  6*30  feet,  what 
is  its  moment  of  inertia  in  engineers'  units  ?  It  is  at  the  end  of  a  shaft  40 
feet  long,  5  inches  diameter,  modulus  of  rigidity  of  material  12  x  10®  lb.- 
inches,  what  is  the  natural  time  of  torsional  vibration  of  the  system, 

eglecting  the  inertia  of  the  shaft  itself?    (B.  of  E.  H  ,  Part  I.,  1902.) 
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Lecture  XXII.— A. M.Inst. C.E.  Exam.  Questions. 

1.  Explain  the  importance  of  elevating  the  exterior  rail  in  railway 
curves.  Calculate  the  proper  slope  for  a  circular  bicycle  track  100  feet 
in  radius,  to  prevent  any  tendency  to  side-slip  at  a  speed  of  24  miles  an 
hour.     (I.C.E.,  Oct.,  1897.) 

2.  In  a  gas-engine  using  the  Otto  cycle  the  I.H.P.  is  8  and  the  speed  is 
26 1  revolutions  per  minute.  Treating  each  fourth  Bingle  Btroke  as  effective 
and  the  resistance  as  uniform,  find  how  many  foot-pounds  of  energy  must 
be  stored  in  the  flywheel  in  order  that  the  speed  shall  not  vary  by  more 
than  one  fortieth  of  its  mean  value.     (I.C.E.,  Oct.,  1897.) 

3.  A  flywheel  supported  on  a  horizontal  axle  2  inches  in  diameter  is 
pulled  round  by  a  cord  on  the  axle,  carrying  a  weight.  It  is  found  that  a 
weight  of  4  lbs.  is  just  sufficient  to  overcome  the  friction.  A  further  weight 
of  16  lbs.,  making  20  in  all,  is  applied,  and  after  2  seconds  (starting  from 
rest)  it  is  found  that  the  weight  has  gone  down  12  feet.  Find  the  moment 
of  inertia  of  the  wheel.     (I.C.E.,  Oct.,  1897.) 

4.  A  brake  wheel  4  feet  in  diameter  on  a  horizontal  axle  is  furnished  with 
internal  flanges,  which,  along  with  the  rim,  form  a  trough  containing  cooling 
water.     What  is  the  least  speed  that  will  prevent  the  water  from  falling  ? 

(I.O.E.,^6.,1898.) 

5.  A  flywheel  alters  in  speed  from  99  to  101  revolutions  per  minute, 
when  its  kinetic  energy  alters  by  the  amount  of  500,000  foot-lbs.  ;  what 
is  its  moment  of  inertia?  What  iB  its  kinetic  energy  when  making 
1  revolution  per  minute?    (I.C.E.,  Oct.,  1898.) 

6.  Find  the  radius  of  gyration  in  a  hollow  cylindrical  column  with  an 
external  diameter  of  12  inches  and  a  thickness  of  1  inch.  Also  in  a  solid 
square  column  4  inches  by  4  inches.    (I.C.E.,  Oct.,  1898.) 

7.  A  small  flywheel  is  mounted  with  its  axle  vertical.  Over  a  small 
pin  on  the  axle  is  hooked  the  looped  end  of  a  stout  cord,  and  the  wheel  is 
turned  round  until  there  are  ten  coils  of  the  cord  on  the  axle.  The  cord 
is  led  over  a  small  pulley  and  a  weight  of  20  lbs.  attached  to  its  end.  This 
weight  is  now  allowed  to  fall,  giving  motion  to  the  flywheel.  It  is  found 
that  after  the  lapse  of  8  seconds  the  cord  slips  off  the  pin,  the  weight 
having  fallen  4  feet  during  this  time.  During  the  fall  the  force  of  gravity 
has  done  work;  in  what  form  does  this  appear  at  the  instant  the  cord 
leaves  the  axle  of  the  wheel?  Suppose  that  85  per  cent,  of  this  energy  is 
stored  in  the  flywheel,  calculate  its  moment  of  inertia.  Describe  the 
nature  of  the  experiments  you  would  make  to  measure  any  loss  of 
mechanical  energy  which  occurs.     (I.C.E.,  Feb.,  1899.) 

8.  Find  the  moment  of  inertia  of  a  circular  disc  about  a  tangent,  and 
of  a  square  disc  about  an  axis  through  one  corner  perpendicular  to  its 
plane.    (I.C.E.,  Oct.,  1899.) 

9.  Define  moment  of  inertia.  Find  the  moment  of  inertia  of  an  equi- 
lateral triangle  about  its  base  and  about  an  axis  through  its  apex  perpen- 
dicular to  its  plane.     (I.C. E. ,  Feb. ,  1 900. ) 

10.  A  cast-iron  flywheel  10  feet  in  diameter,  with  a  rim  6  inches  by 
6  inches,  is  rotating  freely  on  a  shaft  at  the  rate  of  100  revolutions  per 
minute.  A  brake,  which  exerts  a  frictional  retardation  of  100  lbs.,  is 
applied  to  its  rim  for  20  seconds.  Find  how  much  the  speed  of  the  fly- 
wheel is  reduced  (neglecting  the  weight  of  its  arms).    (I.C.E.,  Feb.,  1900.) 

1 1 .  Define  "  Moment  of  inertia,"  and  prove  the  formula  which  expresses 
the  kinetic  energy  stored  in  a  body  rotating  about  a  fixed  axis.  How  much 
energy  is  stored  in  a  3-foot  thin  rod  weighing  4  lbs.,  and  which  is  re- 
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volving  at  140  revolutions  per  minute  about  an  axis  through  its  centre  and 
perpendicular  to  its  length  ?    (I.C.E. ,  Oct. ,  1900. ) 

12.  The  flywheel  of  an  engine  of  4  H.P.  running  at  75  revolutions  per 
minute  is  equivalent  to  a  heavy  rim  2  feet  9  inches  mean  diameter  and 
weighing  500  lbs.  Determine  the  maximum  and  minimum  speeds  of 
rotation  when  the  fluctuation  of  energy  is  one-fourth  the  energy  of  a 
revolution.     (I.C.E. ,  Oct.,  1900.) 

13.  A  small  cast-iron  flywheel  weighs  96  lbs.  It  is  mounted  between 
conical  bearings,  and  so  arranged  that  a  falling  weight  causes  it  to  rotate, 
the  weight  being  at  the  end  of  a  cord,  which  is  wound  round  the  spindle  of 
the  wheel.  The  falling  weight  is  21  lbs  ,  and  acts  upon  the  wheel  during 
a  fall  of  3i  feet,  its  velocity  at  the  end  of  the  fall  being  0*595  foot  per 
second.  If  the  work  done  in  overcoming  the  friction  of  the  wheel  spindle 
during  the  fall  of  the  weight  is  127*26  foot-lbs.,  find  the  kinetic  energy  of 
the  flywheel  at  the  instant  the  falling  weight  ceases  to  act  upon  it. 

(I.C.E.,  Feb.,  1902.) 

14.  Define  "centrifugal  force."  A  locomotive  engine  weighs  38  tons,  and 
travels  round  a  curve  of  800  feet  radius  at  a  speed  of  50  miles  an  hour. 
Find  the  centrifugal  force.  Show  also  how  to  find  :  (a)  the  direction  and 
magnitude  of  the  resultant  thrust  on  the  rails  due  to  the  weight  of  the 
engine  and  the  centrifugal  force ;  {b)  the  height  to  which  the  outer  rail 
should  be  raised  over  the  inner  rail,  in  order  that  the  plane  of  the  rails 
may  be  perpendicular  to  this  resultant.     Gauge  of  rails  4  feet  8$  inches. 

(I.C.E.,  Feb.,  1902  ) 

15.  Explain  the  use  of  a  flywheel.  Determine  the  weight  of  rim  per 
horse-power  which,  when  running  at  a  speed  of  70  feet  per  second,  will 
have  stored  in  it  10  per  cent,  of  the  energy  developed  per  minute. 

(I.C.E.,  Oct.,  1902.) 

16.  Explain  the  meaning  of  the  term  "centrifugal  force. "  With  what 
speed  must  a  locomotive  be  running  on  level  railway  lines,  forming  a  curve 
of  968  feet  radius,  if  it  produce  a  horizontal  thrust  on  the  outer  rail  equal 
to  &  of  its  weight  ?    (I.  C.  E. ,  Feb  ,  1903. ) 

17.  A  factory  is  driven  by  an  engine  working  at  100  I. H.P.  One 
machine  requiring  3  H.P.  is  thrown  out  of  gear,  and  in  two  minutes  the 
speed  of  the  engine  has  increased  from  40  to  43  revolutions  per  minute. 
The  engine  power  remaining  constant  and  tho  surplus  work  being  accumu- 
lated in  the  flywheel  rim,  find  the  weight  of  the  rim,  its  diameter  being 
15  feet.    (I.C.E.,  Feb.,  1903.) 
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Contents.  —  Governing  of  Engines  —  Watt's  Governor  —  Action  of 
Watt's  Governor—Theory  of  Watt's  Governor— Conical  Pendulum — 
Example  I. — Common  Pendulum  Governor — Crossed- Arm  Governor— 
Parabolic  Governors— Galloway's  Parabolic  Governor— Porter's  loaded 
Governor— Theory  of  Porter's  Governor — Example  II. — Spring  loaded 
Governors  —  ProelFs  and  Hartnell's  Spring  Governors  —  Pickering 
Governor — WillanB'  Spring  Governor— Governing  by  Throttling  and 
Variable  Expansion  —  Shaft  Governors  —  Relays  —  Knowles'  Supple- 
mental Governor — Inertia  Governors — Thunderbolt's  Marine  Engine 
Governor — Thunderbolt's  Electric  Governor  Regulator-  -Experiments 
upon  the  Action  of  Engine  Governors  —  Proell  Governor  —  Belliss 
Shaft  Governor — Comparison  of  Different  Governors — Results  of 
Different  Governors — To  obtain  the  Controlling  Force  Graphically — 
Flywheels — Balancing  Machinery— Weston  Self-balancing  Centrifugal 
Machine — Questions. 

Governing  of  Engines.* — For  many  purposes  to  which  engines 
are  applied,  it  is  necessary  that  they  should  maintain  a  uni- 
form speed.  Owing  to  variations  of  load  and  of  pressure  on  the 
piston,  they  must  have  some  regulating  device,  in  order  to 
accomplish  this  object  Fluctuations  of  the  speed  of  a  steam 
engine  are  of  two  kinds.  (1)  Those  which  occur  during  the 
time  of  a  revolution,  and  are  periodic,  being  caused  by  the 
varying  pressure  on  the  piston,  and  obliquity  of  the  connecting 
rod.  (2)  Those  which  are  due  to  change  of  load,  or  boiler 
pressure,  and  are  not  periodic.  To  control  the  first  of  these  as 
far  as  possible,  an  engine  is  fitted  with  a  Flywheel,  and  for  the 
second  a  Governor  is  also  required. 

*  The  following  is  a  list  of  books  and  papers  treating  of  governors  and 
governing : — 

Paper  on  "The  Electrical  Regulation  of  the  Speed  of  Steam  Engines,"  by 
P.  W.  Willans.     Proc.  Inst.  C.E.,  1885,  vol.  lxxxi.,  p.  166. 

Paper  on  "A  New  Method  of  Investigation  applied  to  the  Action  of 
Steam  Engine  Governors, "by  Prof.  Dwelshauvers-Dery  of  Liege,  trans- 
lated by  Michael  Longridge.     Proc.  Inst.  <7.£\,  1888,  vol.  zciv.,  p.  210. 

Paper  on  "  The  Cyclical  Velocity- Variations  of  Steam  and  other  Engines," 
by  H.  B.  Ransom.     Proc.  Innt.  O.E.,  1889,  vol.  xcviii.,  p.  357. 

Paper  on  "The  Application  of  Governors  and  Flywheels  to  Steam  Engines," 
by  Prof.  Dwelshauvers-Dery,  translated  by  Bryan  Donkin.  Proc 
Inst  C.E.,  1891,  vol.  civ.,  p   196. 

Paper  on  "  Flywheels  and  Governors,"  by  H.  B.  Ransom.  Proc  Inst.  G.E., 
1892,  vol.  cix.,  p.  330. 

Paper  on  "Steam  Engine  Governors  and  their  Insufficient  Regulating 
Action  with  Extreme  Variations  of  Load,"  by  Prof.  Dwelshauvers-Dery, 
translated  by  Bryan  Donkin.     Proc.  Inst.  6.B.,  1892,  vol.  ex.,  p.  276. 

Paper  on  "  A  Method  of  Testing  Engine  Governors,"  by  H.  B.  Ransom. 
Proc  Inst.  C.^,1893,"  voL~cxiii.,p.  194.  Also,  1899,voLcxxxvii.,p.376. 
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nected  to  the  throttle  valve  of  the  engine.  The  vertical  spindle 
may  be  driven  by  the  engine  by  means  of  a  belt  or  rope  passing 
round  a  pulley  keyed  on  it,  or  by  bevel  wheels,  as  shown  at 
B  W.  In  order  to  relieve  the  pin,  P,  the  arms  are  driven  by 
the  guides,  G  G,  which  are  fixed  to  the  vertical  spindle. 

Action  of  Watt's  Governor. — The  governor  is  so  adjusted,  that 
when  the  engine  is  working  at  its  normal  speed,  the  balls  rotate 


Watt's  Pendulum  Governor. 


at  a  certain  distance  from  the  vertical  spindle,  and  thus  the 
throttle  valve  is  kept  sufficiently  open  to  maintain  that  speed. 
Should  the  load  be  decreased,  the  speed  of  the  engine,  and  there- 
fore that  of  the  governor  balls,  naturally  becomes  greater.  This 
causes  an  increase  of  the  centrifugal  force  of  the  balls,  and 
therefore  they  diverge  further,  thereby  pulling  down  the  sleeve, 
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and  partial] j  closing  the  throttle  valve,  which  diminishes  the 
supply  of  steam  and  the  power  developed  by  the  engine.  On 
the  other  hand,  should  the  ]oad  be  increased  the  reverse  action 
takes  place,  the  balls  come  closer  together,  the  sleeve  is  raised, 
the  throttle  valve  opened  wider,  and  more  steam  admitted  to 
the  engine.  It  will  thus  be  seen  that  a  change  of  speed  must 
take  place  before  the  governor  begins  to  act ;  further,  that  for 
any  permanent  change  in  the  work  to  be  done,  there  is  a  per- 
manent alteration  of  speed.  For  each  particular  load  on  the 
engine,  the  throttle  valve  will  be  opened  by  a  definite  amount, 
which  will  be  different  for  different  loads,  and  each  position  of 
the  valve  has  a  corresponding  position  of  the  governor  balls. 
But,  as  will  be  shown  further  on,  each  position  of  the  balls 
corresponds  to  a  definite  speed,  so  that  there  will  be  a  particular 
speed  for  each  different  load. 
Theory  of  Watt's  Governor— Conical  Pendulum.— Let  the  balls 


tar 

Theory  op  Watt's  Governor, 

be  rotating  about  the  vertical  spindle  with  a  uniform  velocity. 
Then  the  several  forces  acting  on  the  different  parts  of  the 
instrument  are  in  equilibrium  with  each  other.  The  arms,  A, 
will  describe  the  surface  of  a  cone,  B  P  B,  whose  height  is 
P  C,  and  for  a  given  velocity  of  the  balls  there  will  be  a  definite 
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height  of  this  cone.     It  will  be  sufficient  to  consider  one  ball 
and  arm,  since  what  is  true  for  one  will  be  true  for  the  other. 

Let  to  =-  Weight  of  one  ball  in  lbs. 

v  =  Velocity  of  balls  in  feet  per  second, 
h  =  Height,  PO,  of  cone  in  feet. 
I  =  Slant  height,  PB,  of  cone  in  feet. 
r  —  Radius,  B  C,  of  base  of  cone  infest. 
T  =  Tension  in  one  arm,  A. 

There  are  three  forces  acting  on  the  ball,  B,  viz. : — 

The  weight,  w,  of  the  ball  acting  vertically  downward. 
The  centrifugal  force,  wv*  +  gr,  acting  in  its  plane  of 
rotation,  and  in  the  direction  C  B. 

(3)  The  tension  in  the  arm,  A,  acting  in  the  direction  B  P. 

These  three  forces  keep  the  ball  in  equilibrium,  and  can, 
therefore,  be  represented,  in  magnitude  and  direction,  by  the 
three  sides  of  a  triangle  taken  in  order.  If  we  draw  a  triangle, 
having  its  sides  parallel  or  perpendicular  to  the  directions  of 
these  forces,  the  lengths  of  the  sides  of  this  triangle  will  be 
proportional  to  the  forces  respectively.  Now,  such  a  triangle 
exists  in  the  figure  itself — viz.,  the  triangle  P  0  B — the  sides  of 
which  are  parallel  to  the  three  forces : — 

Hence.  h  :r  =  w  : =  1  :  — . 

gr  gr 

V*  V  Mg- 

If  I  =  time  in  seconds  of  one  complete  revolution  of  balls, 
n  =  number  of  revolutions  per  second, 

Then,  t  v  =  2  *•  r,  and  n  =  -. 

t 

Substituting  these  in  the  previous  equation  we  get  the 
following  important  form  ul»: — 

=  2%-2'V^ <"> 

That  is,  the  period  of  rotation  is  proportional  to  the  square  root  of 
the  height  of  the  cone. 

Ab0»  w=T=^Vi <n> 
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Or,  if  N  be  the  number  of  revolutions  per  minute  =-  60  n, 

Then,  N  =  ^ W 

That  is,  the  number  of  revolutions,  or  the  speed  of  the  engine 
or  governor,  varies  inversely  as  the  square  root  of  the  height  of 
the  cone. 

Equation  (IIa)  may  be  written  in  this  useful  form  : — 


h  = 


30^      1 


2936 


N2   "      N2 


feet. 


(ii») 


Or,  the  height  of  the  cone  depends  only  on  the  speed  of  rotation, 
and  varies  inversely  as  the  square  of  the  number  of  revolutions. 

Let  the  speed  of  the  governor  be  altered  from  Nj  to  N2 
revolutions  per  minute,  then  the  heights  of  the  cone  corre- 
sponding to  these  speeds  are  : — 

2936       Jr        2936 
fh.  -  -^r,  and  h^  =»  -j^- . 

Therefore,  for  a  change  of  speed  from  Nj  to  N2  revolutions  per 
minute  the  height  of  the  cone  will  be  altered  by  the  amount : — 

«™*/l  1\       2936  (N|~N?)        /TTTV 

If,  however,  the  height  of  the  governor  be  kept  constant,  and 

equal  to  h  =»    o-J»  the  centrifugal  force  will  change  from 

«■  JNj  gr 

to  — ,  or  from  —nTTK to     AAn — ,  and  the  difference  will 

gr9  900 g  900 g  ' 

produce  a  tension,  or  a  thrust,  in  the  links  L  L.     If  T2  be  the 

tension,  or  thrust,  in  one  link  L;  I,  lv  l2  the  lengths  of  BP, 

ED,  PE;  and  0,  0P  ^  their  inclinations  to  the  vertical,  then 

by  taking  moments  about  P,  we  have  : — 


T,  x  ^cos(^  +  Jt  -  90)  - 


tar** 


(N?~NJ)  x  A, 


Or, 


900/ 
x»       900  J,  p  sin  (^  +  4a)# 


Now,  the  vertical  lorce  acting  on  the  sleeve,  which  is  avail- 
able for  overcoming  friction,  and  may  be  called  the  toorking 
effort  for  that  change  of  speed,  is  the  vertical  components  of 
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the  btresses  in  the  two   links   L  L.      These  two  stresses  are 
equal. 

•\   The  working  effort  =  2  T2  cos  ^ 

M       "  450  l2g  *  sin^  +  '  $J 

^^^(NS^N^co^ 

»  "      "  450  Z,  y  Bin  (^  +  02) 

_  2nFrcogJl(Hj~N?) 
»  »      ~     l2sia(^  +  42)N; <      ' 

It  is  usual  for  P  E  and  E  H  to  be  made  equal  in  length,  and 
then  £j  =  02  nearly,  unless  H  K  be  great.     In  that  case  : — 

,.  2t0rcosMNJ~Ni) 

m  workin*  'J0*1  -  — ^siH  "s v*2m — 

"         »      ~~"J2Bin*2N? 

0^sinJ(N^wN?) 
Ur'        "  "      "        ~Z2sind2NJ 

If,  further,  0  =  02,  which  will  always  be  the  case  when  the  sleeve 
is  attached  to  the  arm  below  the  point  of  suspension,  as  in  the 
next  form  of  governor,  then : — 


(IV.) 


The  working  effort  -  3  ^      ' (IV*) 

It  should  be  noted,  however,  that  this  is  the  effort  exerted 
by  the  governor  when  it  is  just  starting  to  move.  The  working 
effort  becomes  smaller  and  smaller  as  the  balls  rise,  until,  when 
the  balls  have  attained  the  position  corresponding  to  the  new 
speed,  it  is  nil. 

The  movement  of  the  sleeve,  corresponding  to  an  alteration 
in  the  height  of  the  cone,  is  best  determined  graphically  by 
drawing  the  centre  lines  of  the  arms  and  links  to  scale  for 
different  positions  of  the  balls. 

Example  I. — Find  the  rise  of  the  balls  of  a  pendulum  gov- 
ernor, when  its  speed  is  increased  from  60  to  62  revolutions 
per  minute.  Find  also  the  height  of  the  cone  of  revolution 
at  the  lower  speed,  and  the  working  effort,  if  the  balls  weigh 
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22  lbs.  each,  and  each  arm  is  jointed  to  the  link  at  two-thirds 
of  its  length  below  its  point  of  suspension. 

Her  •,  N1  =  60,  N2  =  62,  rise  of  balls  =  ^  -  A2,  w  «  22,  and  j-  =  |. 

Therefore,  from  equation  (III)  we  get: — 


«.-«.-» -M— *(Si$ 


_  2936 


hx  -  h2  =  0518  foot  or  62  inch. 
Also  from  equation  (IIj,) : — 

2936 
3600* 

hl  =  -816  foot  =  979  inches. 
And  from  equation  (IV&)  : — 

The  nxyrking  effort  = VV*- 

_  22  x  3  (62*  -  60*) 
"  "  2  x  60* 

„  „       =  2-237  lbs. 

In  this  case,  as  we  assume  lx  =  l2  and  0X  =  02,  the  travel  of 
the  sleeve  will  be  twice  the  rise  of  the  point  where  the  link 
joins  the  arm,  and  this  will  be  two-thirds  of  the  alteration  in 
height. 

2  „         ,  ,       4 


Travel  of  sleeve  =  2  x  «  (Aj   -  /*2) 


3X 


•62  =  -827  inch. 


Common  Pendulum  Governor. — A  common  modificati  n  of 
Watt's  governor  is  shown  by  the  following  figure.  Here,  the 
arms  A  A,  carrying  the  balls  B  B,  instead  of  being  jointed 
together  by  a  pin  passing  through  the  vertical  spindle  V  S,  are 
p  voted  at  M  and  N  to  a  cross-piece,  C  P,  which  is  rigidly  con- 
nected to  the  spindle.  The  links  L  L,  carrying  the  sleeve  S, 
are  attached  to  the  arms  at  the  points  E  and  F. 

The  formulae  deduced  for  Watt's  pendulum  governor  are 
equally  applicable  to  this  case.  The  only  thing  requiring 
special  attention  here,  is  the  height  of  the  cone  of  revolution. 
The  vertex  of  the  cone  is  always  at  the  point  where  the  centre 
lines  of  the  arms  meet.  In  this  case,  the  arms  terminate  at  M 
and  N,  which  are  at  a  short  distance  from  V  S,  and  thus  the 
vertex  of  the  cone  will  be  a  variable  point  on  the  centre  line  of 
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the  vertical  spindle.  When  the  balls  are  in  the  position  shown 
by  the  full  lines,  the  vertex  is  at  P,  and  the  height  of  the  cone 
is  P  C ;  but,  when  the  balls  move  into  the  new  position,  shown 
by  dotted  lines,  the  vertex  of  the  cone  is  at  P',  and  the  height 
of  the  cone  is  F  C\ 

The  effect  of  suspending  the  arms  at  a  short  distance  from 
the  vertical  spindle,  is  to  cause  the  movement  of  the  sleeve  to  be 
less  for  a  given  variation  in  the  height  of  the  governor,  than 
would  be  the  case  were  the  centres  of  suspension  in  the  vertical 
spindle.  It  will  be  apparent  from  the  figure,  that  the  effective 
variation  of  height  is  C  C  =  (P  C  -  F  CT)  -  P  F  =  (A,  -  A,) 
-  P  P',  instead  of  ^  -  hp  as  in  the  previous  case.     Hence, 


Common  Pendulum  Governor. 

this  governor  is  less  sensitive  than  the  former,  since  the  speed 
must  vary  between  greater  limits  for  a  given  movement  of 
the  sleeve.  The  sensitiveness  of  a  governor  depends  on  the 
movement  given  to  the  sleeve  for  a  given  variation  in  speed, 
and  also  on  the  smallness  of  the  time  taken  by  the  governor 
in  adapting  itself  to  its  new  position.  In  order,  therefore,  to 
increase  the  sensitiveness  of  this  form  of  governor  it  is  necessary 
that  the  points  M  and  N  should  be  as  near  the  vertical  spindle 
as  possible. 

Crossed-Arm  Governor.  —  The  special  feature  in  which  this 
governor  differs  from  the  former  ones  is,  that  the  arms  are 
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suspended  from  pins  placed  on  the  opposite  sides  of  the  spindle 
to  that  of  their  balls.  From  an  inspection  of  the  figure,  it  will 
be  apparent  that  crossing  the  arms  in  this  manner  causes  a 
greater  movement  of  the  sleeve  for  a  given  variation  in  the 
height  than  in  the  pendulum  governor.  The  rise  of  the  balls  in 
this  case  is  : — 

CC  =  PC-  VG'  +  PF-ft.  h3)  +  PP'. 

The  sensitiveness  of  this  governor  is  therefore  much  greater 
than  either  of  the  two  previous  forms.     By  properly  propor- 


To  Thfvttk  fo/*t> 


Crossed- Arm  Governor. 

tioning  the  lengths  of  the  arms  and  N  M,  so  that  the  balls  move 
out  and  in,  along  a  curve  which  is  approximately  a  parabola, 
this  governor  may  be  made  almost  isochronous,  and,  therefore, 
extrf  mely  sensitive.*     It  will  be  noticed  that  the  sleeve  of  the 

*  A  governor  is  said  to  be  isochronous  when  its  speed  of  rotation  (and, 
therefore,  the  height  of  the  cone)  is  the  same  for  all  positions  of  the  balls 
within  its  range. 
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governor  shown,  has  a  circular  rack  0  R,  which  gears  with  a 
pinion  on  the  throttle  valve  spindle. 

Parabolic  Governors.* — Governors  have  been  so  constructed 
that  their  balls  were  guided  to  move  in  a  truly  parabolic  path, 
and  thus  be  absolutely  isochronous,  but  owing  to  their  com- 
plication they  have  not  come  into  general  use.  With  any 
centrifugal  governor,  the  speed  must  increase  somewhat  before 
the  extra  centrifugal  force  is  able  to 
overcome  the  friction  resisting  the 
motion  of  the  links,  sleeve,  valve,  Ac., 
and  if  it  be  absolutely  isochronous, 
whenever  the  friction  is  overcome  the 
balls  would  rise  right  up  to  the  top 
of  their  range,  and  remain  there  until 
the  speed  has  fallen  sufficiently  for 
gravity  to  reassert  itself  and  overcome 
the  friction,  which  would  now  tend  to 
keep  the  balls  up.  They  would  then 
come  down  to  the  bottom  of  their  range, 
and  there  would  thus  be  continual 
hunting.  Such  a  governor  would  there- 
fore be  wanting  in  stability  or  steadi- 
ness. 

Galloway's  Parabolic  Governor.— From 
the  illustration  it  will  be  seen,  that  in 
this  type  two  cylindrical  rollers  take 
the  place  of  the  ordinary  balls  in  the 
previously  mentioned  governors.  These 
rollers  are  suspended  at  each  end  by 
links  from  a  crosshead  fixed  to  the  top 
of  the  governor  spindle,  and  naturally 
rise  and  fall  in  circular  arcs  with  these 
links  as  radii.  They  move  along  para- 
bolic slots  cut  in  a  weight  W,  which 
rotates  with  the  spindle,  but  is  free  to 
rise  and  fall  along  the  same.  By  this 
arrangement,  the  moment  of  the  centri- 
fugal force  of  the  rollers  is  balanced  by  that  of  the  weight  at 
nearly  the  same  speed  for  all  positions.  Hence,  this  governor 
may  be  considered  practically  insochronous.  To  the  bottom  of 
the  slotted  weight  there  is  sometimes  attached  a  sleeve  termi- 

*  See  the  Appendix  to  The  Steam  Engine,  by  Prof.  Rankine  (Chas. 
Griffin  &  Co.),  and  Chapter  XV.  of  Practical  TieatUe  on  the  Steam 
Engine,  by  Arthur  Rigg  (E.  &  F.  Spon),  for  descriptions  of  guided 
parabolic  governors. 


Loaded  Parabolic 

Governor, 
by  Galloways,  Ld. 
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nating  in  a  collar,  which  engages  the  forked  lever  connected 
to  the  throttle  valve,  or  expansion  gear;  but  in  this  case,  a 
central  spindle  C  S,  which  is  carried  up  inside  the  main  governor 
spindle,  rises  and  falls  with  the  weight  W,  and  acts  directly  on 
an  equilibrium  valve.  The  governor  is  driven  through  gearing 
contained  in  the  cast-iron  box  seen  at  the  foot  of  the  vertical 
column. 

Porter's  Loaded  Governor. — From  equation  (IV)  and  Ex- 
ample I.  we  see  that  the  simple 
pendulum  governors  possess  a 
comparatively  small  working 
effort,  unless  the  balls  are  very 
heavy.  To  overcome  this  objec- 
tion Porter  made  the  balls 
smaller,  and  loaded  the  sleeve 
with  a  heavy  weight.  This  in- 
creases the  height  of  the  cone, 
corresponding  to  any  particular 
speed,  and  all  the  forces  con- 
cerned, and  thus  gives  a  greater 
working  effort.  It  enn  be  used 
both  in  connection  with  throttle 
valves  and  some  forms  of  ex- 
pansion gear.  To  minimise  the 
oscillations  of  the  ordinary 
Porter  governor,  Messrs.  Clayton 
<fc  Shuttleworth  have  made  a 
cylindrical  hole  in  the  top  of 
the  central  weight,  and  fixed  a 
piston  on  the  vertical  spindle, 
thus  forming  a  simple  air  cushion. 

Theory  of  the  Porter  Governor. 
— Each  of  the  balls  is  in  equi- 
librium under  the  action  of  four 
forces  acting  in  a  plane  passing 
through  the  axis  of  rotation. 
These  forces  are: — (1)  the  weight 
of  the  ball  w,  (2)  the  centrifugal 
force  w  v1  -7-  g  r,  and  (3)  the  tensions  in  the  two  links,  Tx  and  T2. 
Let  A  B  C  D  A  be  a  polygon  representing  these  forces,  A  B 
being  parallel  and  equal  to  Tv  B  C  to  w>  C  D  to  T2,  and  D  A 
to  the  centrifugal  force.  If  B  C  be  produced  to  meet  A  D 
in  E,  then  0  E  is  equal  to  the  vertical  component  of  T2,  and 
must  therefore  be  equal  to  half  the  load  W,  since  this  weight 
is  supported  by  the  vertical  components  of  the  tensions  in  the 
two  bottom  links.  o 


Porter  Loaded  Governor, 
by  Tangyes,  Limited. 
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Porter  Governor,  by  Clayton  &  Shuttleworth. 
P^-r-  v  B 


Action  op  the  Porter  Governor, 


porter's  loaded  governor. 
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If  the  inclination  of  the  links  B  P,  B  H  to  the  vertical,  be  ^ 
and  02  respectively,  and  the  heights  C  P,  CD  be  denoted  by 
h  and  k,  then,  the  other  letters  being  the  same  as  before,  we 
have : — 

Tjsin  $x  +  T2  sin  d2  = . 


ijWS^-WtJ^U.!!    -         ^^      , 

And, 

TfooB#t-  JWf        orT2  =  i^. 

w  + 
'  '      cos 

-A      sm  0.  +  -'  •-  ,  sin  A,  -  —  . 
j  0l             l       cos  d2         A        gr 

But, 

r                           r 
tan  ^       t  ;         tan  02  =  r  ;  and  t?  =  2*rrn. 

• 

(-^■Oi^'i-^^^ 

Or, 

(..imi1       w  x  4fl-'n'       £W 

<">  +  i  w>A-         9             k  . 

•   • 

«  +  JW 

/*_4^n,w      £W 

0             A 

Hence, 

(2w  +  W)grA       > 

w      /V^ 

~      .              N                       .        450(2«/  +  W)ffA 
Or,  since  «  =  ^                       h-  ^ w  h  _  45Q  Wff  J 

*    VVJ 

This  governor  is  usually  constructed  with  all  four  links  of 
equal  length ;  then  k  -  h,  and  0X  =  Q2  =  &>  very  nearly,  unless  the 
distance  H  K  is  great,  and  in  our  further  investigations  we 
shall  assume  that  this  is  so. 

In  this  case  we  have : — 

l^sin*  +  T2sin0=  — .  ' 


^ooBl-u  +  iW.or^-teii^, 
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And,  Tjcoa*  =  ^  W,  orT2  =  ^ 

to  V* 
(w  +  I  W)  tan  $  +  £  W  tan  4  =  — . 

r 
But,  tan  0  =  ;    and  v  =  2  -rrn. 


Hence,        (u>  +  \V);  = 


r       w  x  4  cr2  r3  n* 


(VI) 


^  ,      m;  +  W    900qt    a;  +  W    2936 

0r>  h  =  st* '*>**=— or*  n^, 

We  might  also  have  arrived  at  this  result  by  putting  h  for  k 
in  equation  (V). 

If  the  speed  of  rotation  change  from  Na  to  N2  revolutions 
per  minute,  the  corresponding  heights  of  the  governor  will  be: — ■ 

w  +  W       900  g               ,  ,        w  +  W       900  ? 
/t   =  x  -.r^j- ;         and  h>  = x     ,  XT'.>. 

The  alteration  in  the  height  of  the  cone  of  revolution  would 

therefore  be: — 

«/  +  W      9000     /NS~K?  I 
hx~ht-      w      x    ^    x^  MIHJ-jl 

Or,  h^h,-  2936      --■-(   ^f) 

With  the  arrangement  of  links  usually  adopted  in  this 
governor,  the  travel  of  the  sleeve  is  twice  the  change  in  the 
height  of  the  halls  and  equal  to  2  (hx  ~*  /t2). 

Using  the  simpler  equation  (VI)  we  see  that: — 

w=    uuoT--"- 

And,  therefore,  if  the  speed  alter  from  Nj  to  N2  revolutions 

per  minute,  the  load  necessary  to  keep  the  height  of  the  cone 

/     w  +  W      900  q\      .„    , 
constant,  and  equal  to  h,  (  = x    .z    "J,  will  change  from — 

W  =  -900y-'"W?tOW   -"5007"-^ 


Porter's  loaded  governor. 
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But  if  the  actual  load  be  W,  the  difference  W  /w  W  is  avail- 
able for  overcoming  friction  and  moving  the  valve.  This  may 
be  called  the  workirtg  effort  for  that  change  in  speed,  and  is 
equal  to: — 


w  +  W       900  g 


Or,     W~W 


rjf,  <NJ~NJ) 


W'~W«(ur  +  W) 


9000 
Nf~N? 


(VIII) 


Examplk  II. — The  balls  of  a  Porter  governor  weigh  4  lbs. 
each,  and  the  central  weight  36  lbs.  If  all  the  links  are  of 
equal  length,  find  the  height  of  the  governor  when  revolving 
240  times  per  minute.  If  the  speed  increase  to  248  revolutions 
per  minute  what  will  be  the  working  effort  and  the  rise  of  the 
balls  and  the  sleeve  1 


Here,  Hfx  =  240 ;  N2 
From  equation  (VI), 

Or, 

From  equation  (VIII), 


248 ;  w  = 


4 ;  and  W  =  36. 


W       2936 
—    x  - 


NJ  » 

_  4  +  36  JS936  _ 

^  ~        4        x  240  x  240' 

h1  =  -51  foot  or  6*12  inches. 


Tlie  working  e4 


(VIII),  1 
effort,      J 


(w  +  W) 


-  (4  +  36) 
=  2-71  lbs. 


248'  -  240* 
2402       ' 


2936 


w  +  W/N2-  -  N* 


v  n?n?  y 


And  from  equation  ^ 

(VII),  J»i-*2 

r>  J.         7         on,,       4  +  36       248'  "  240» 

Or,  hi  -  h,  «  2936  *  — j—  x  24Q2  x  ^ 

Ax  -  />,  =  0324  foot  or  -389  inch. 
Travel  of  sleeve  «  2  (/^  -  h2)  =  2  x  -389, 
-  778  inch. 
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On  comparing  these  results  with  those  of  Example  I.,  it  will 
be  noticed  that  while  both  governors  weigh  about  the  same, 
the  loaded  governor  has  a  working  effort  of  about  20  per  cent, 
greater  than  that  of  the  Watt  governor,  but  its  travel  and 
height  are  less.  It  will  also  be  seen  from  equations  (III)  and 
(VII),  by  putting  N2  =  cN1?  where  c  is  a  constant,  that  the 
change  in  height  corresponding  to  a  given  percentage  variation 
in  speed  gets  smaller  as  the  speed  increases. 

Spring  Loaded  Governors.— Soon  after  the  introduction  of  the 
Porter  governor,  Mr.  John  Richardson,  of  Messrs.  Robey  &  Co., 
Lincoln,  designed  one  in  18G9,  in  which  a  spring  was  substituted 
for  the  weight.  This  improvement  produces  a  greater  working 
effort  with  less  weight,  bulk,  and  cost  A  spring  has  less  inertia, 
and  acts  much  more  quickly  than  a  weight,  and  it  has  also  a 
certain  amount  of  cushioning  action.  A  governor  loaded  with  a 
spring  can  act  in  any  position,  whereas  one  with  a  weight  must 
work  vertically.  The  equations  for  a  spring  governor  may  be 
obtained  in  the  same  way  as  for  the  weighted  governor,  but  the 
load  W  will  be  different  for  different  positions  of  the  balls, 
owing  to  the  varying  compression  of  the  spring. 

Proell  and  HartnelTs  Spring  Governors.*— The  first  of  the 
two  following  figures  illustrates  the  well-known  Proell  spring 
governor.  It  will  be  observed  that  a  helical  spring,  contained 
in  a  cylindrical  case,  surrounds  the  governor  spindle,  and  beirs 
upon  the  inner  ends  of  the  two  bell  crank  levers,  which  are  con- 
nected to  the  arms  carrying  the  governor  balls.  The  dotted 
lines  show  the  positions  of  the  balls  for  a  speed  above  the 
normal.  As  they  move  out  t  y  this  position  the  spring  is  com- 
pressed and  the  sleeve  is  raised.  It  will  further  be  noticed  that 
the  links  are  so  proportionod  that  the  balls  diverge  in  nearly  a 
straight  line.  Consequently,  when  working  vertically,  the  balls 
do  not  move  either  with  or  against  gravity. 

It  will  be  observed  that  there  are  no  less  than  three  pin  joints 
on  each  side  of  the  Proell  governor  above  the  sleeve,  at  each  of 
which  there  must  be  friction.  In  HartnelFs  governor,  illustrated 
by  the  next  figure,  there  is  but  one.f 

Here,  the  governor  balls  are  fixed  directly  to  the  outer  ends 
of  the  bell  crank  levers,  the  inner  ends  of  which  be»r  upon  a 
collar  on  the  upper  end  of  the   movable  tube  or  sleeve,  MS. 

*  The  figure  of  Proell  s  governor  is  from  The  Proc.  Inrt.  C.E.,  vol.  cxx.t 
Session  1895-96,  by  kind  permission  of  the  Council,  from  a  pajier  read 
by  John  Richardson,  M.Inst.C.E..  on  "The  Mechanical  and  Electrical 
Regulation  of  Steam  Engines,"  which  the  student  should  consult. 

tSee  Lecture  XVIII.  of  the  Author's  Text- Book  on  Steam  and  sttam 
Engines  for  a  description  of  an  engine  to  which  this  governor  is  applied. 


fifRING  LOADED  GOVERNORS. 


119 


Prokll's  Spring  Governor. 


Hartnell's  Spring  Governor,  by  Marshall,  Sons  &  Co.,  Vtd. 
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Between  the  top  of  this  collar  and  the  upper  end  of  the  hollow 
casting  H  0,  which  is  keyed  to  the  top  of  the  governor  spindle, 
there  is  placed  a  strong  helical  spring.  The  lower  end  of  M  S  lias 
a  double  collar  engaged  by  a  forked  lever,  connected  to  the  drag 
link  DL,  and  expansion  valve  rod. 

Pickering  Governor.  —  A  very  simple  and  direct  acting 
governor  which  has  been  introduced  lor  small  electric  light 
engines  is  shown  by  the  next  figure.  Here  the  balls  are 
supported  by  flat  springs,  which  act  directly  on  the  throttle- 
valve  spindle.     There  is  also  an  auxiliary  spring,  as  seen  just 


Pickkrino  Governor,  by  Tanoybs,  Ltd. 

below  the  driving  spindle,  actuated  by  a  thumb  screw  and  worm 
wheel,  which  enables  the  attendant  to  adjust  the  speed  of  the 
engine  whilst  running. 

Willans'  Spring  Governor.* — In  the  previous  cases,  the  pressure 
of  the  spring  has  to  be  transmitted  through  the  pin  joints  of  the 

*  For  a  description  of  Willans'  central- valve  triple  expansion  engine,  to 
which  this  governor-  is  fitted,  see  the  Authors  Text- Book  on  Steam  ana  un. 
Steam  Engine. 
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governor  arms,  aial 
thereby  causes  more 
friction  and  wear 
and  tear  than  would 
be  the  case  if  the 
springs  were  directly 
connected  to  the 
balls.  In  Wiltons' 
governor,  as  will  be 
seen  from  the  figure, 
the  balls  are  con- 
nected directly  by  a 
helical  spring  A,  on 
each  side  of  the  gov- 
ernor spindle.  An- 
other spring  F,  is 
clamped  at  its  upper 
end  to  the  throttle- 
valve  spindle  G,  and 
hooked  at  its  lower 
end  to  the  bracket 
carrying  the  bell 
crank  lever  E.  This 
spring  pulls  the 
valve  rod  down- 
wards, in  opposition 
to  the  springs  A, 
and  thus  pushes  the 
sleeve  against  the 
toes  N  N  (shown 
dotted),  of  the  gov- 
ernor arms.  By  ad- 
justing the  tension 
in  F,  by  the  nut  M, 
the  governor  can  be 
set  to  the  required 
speed  while  the  en- 
gine is  running.  It- 
will  be  noticed  th.it 
this  governor  works 
horizontally,  and  u 
driven  directly  by 
one  end  of  the 
shaft. 


MAUK  CHAMBES 


jfcivr^^p 


Willans'  Sprtvg  Loaded  Governor. 
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Governing  by  Throttling  and  Variable  Expansion.— Prior  to 

1870,  .governors  generally  controlled  steam  engines  by  actuating 
a  butterfly  throttle  valve  of  the  form  shown  in  the  figure.  This 
valve,  although  simple  in  construction,  is  difficult  to  tit  so  as  to 
remain  steam  tight,  and  hence  the  double-beat  valve  shown  in 


-fedfcrf- 


Tueottlb  Valve. 


next  illustration,  or  still  better,  a  grating  piston  valve  like  that 
shown  attached  to  the  Wiltons'  governor,  has  been  adopted  in 
preference.  The  ordinary  butterfly  th-ottle  valve  is  not,  as  at 
one  time  supposed,  a  balanced  valve,  since  the  action  of  a  fluid 
rushing  past  an  oblique  plane  is  such,  as  to  cause  a  greater 

pressure  on  the  forward  edge 
and  thus  tend  to  close  the 
valve.  A  good  throttle  valve 
should  be  able  to  entirely  stop 
the  admission  of  steam  to  the 
cylinder. 

Recently,  many  patents 
have  be^n  taken  out  for  con- 
trolling the  speed  of  an  engine 
by  altering  the  point  of  cut-off. 
In  most  cases,  this  enables  the 
engine  to  work  more  economi- 
cally ;  but  as  shown  by  Cap- 
tain San  key  in  his  paper  on 
"Governing  of  Steam  Engines 
by  Throttling  and  by  Variable 


Double-Beat  Valve. 


Expansion"  (read  before  the  Institute  of  Mechanical  Engineers,in 
April,  U  95),  the  indicator  diagrams  obtained  from  engines  governed 
by  this  method  are  often  "cloaks  for  exaggerated  initial  con- 
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densation,"  and  it  may  be  found  that  the  actual  feed  water  used, 
is  lesa  with  ordinary  throttling  than  with  variable  expansion. 
Throttling  the  steam  varies  the  amount  supplied  by  varying 
the  pressure,  while  the  volume  used  remains  constant.  On 
the  other  hand,  automatic  expansion  supplies  the  steam  at  a 
constant  pressure  but  alters  the  volume  used  per  stroke. 

The  point  of  cut-off  may  be  controlled  either  by  means  of  a 
separate  expansion  valve,  or  by  acting  directly  on  the  main 
valve  or  valves.  In  the  first  case,  there  are  two  eccentrics 
which  work  the  main  and  the  expansion  valves.  As  will  be 
seen  from  the  illustrations  of  the  Hartnell,  and  Clayton  & 
Shuttleworth's  governors,  the  stroke  of  the  expansion* valve 
is  altered  by  a  drag  link  and  a  block  connected  to  the  governor 
sleeve.  In  the  second  case,  when  a  slide  valve  is  used,  either 
the  throw  or  the  position  of  the  main  eccentric  is  varied  by  a 
shaft  governor,  and  no  second  eccentric  is  required.  With  "  trip 
gear  "  the  governor  automatically  releases  the  admission  valves 
sooner  or  later,  according  to  the  load  on  the  engine.* 

Shaft  Governors. — A  large  number  of  these  have  been  designed, 
but  the  following  illustrations  will  serve  to  show  their  general 
principle  and  action.  A  circular  casting  is  keyed  to  the  crank 
shaft,  and  carries  on  one  side  a  pair  of  symmetrically  arranged 
weights  jointed  thereto  at  one  end,  but  whose  other  ends  are 
free  to  move  in  a  plane  perpendicular  to  the  shaft  against  the 
resistance  of  the  interposed  helical  springs.  On  the  other  side 
of  this  casting  there  is  fixed  a  pair  of  straps  embracing  a  cir- 
cular disc  carrying  the  eccentric  which  works  the  valve.  The 
centre  of  this  disc  is  some  distance  from  the  centre  of  the 
shaft  and  that  of  the  eccentric.  The  governor  weights  have 
bosses  which  pass  through  slots  in  the  circular  casting,  and 
are  connected  by  links  to  studs  on  the  disc.  In  moving  out- 
wards by  centrifugal  force,  these  weights  compress  the  springs 
and  rotate  the  disc,  thus  changing  the  position  of  the  eccentric, 
and  varying  the  cut-off  of  the  slide  valve. 

Relays.f — Except  in  the  case  of  "  trip  gear,"  the  effort  required 
to  work  the  throttle  valve,  or  expansion  gear,  may  be  consider- 
able, and  can  only  be  satisfactorily  supplied  by  a  relay — that  is, 
by  making  the  engine  itself,  or  steam  from  the  boiler,  or  water 
pressure,  or  electro-magnetic  mechanism,  move  the  valve,  while 

*  See  Index  for  page  in  the  Author's  Text-Booh  on  Steam  and  Sicam 
Engines  for  illustrations. 

tSee  Engineering,  let  January,  1886,  p  4,  for  a  description  of  Liides 
steam  relay  governor.  Also  "  Regulation  of  Steam  Engines,"  by  John 
Richardson,  Proc.  JnM.  C.E.,  vol.  cxx.,  1895,  Part  II.,  for  description 
and  discussion  on  electrical  and  other  relays  for  governors. 
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Fjioht  Vikw. 


Back  View. 

Automatic  Expansion  Shaft  Govfrnor, 
Wi  Messrs.  Ransoms,  Siais  &  Jrfferies,  Ld. 
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Shaft  Governor  Applied  to  a  High-speed  Electric 
Light  Engine. 
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the  governor  has  simply  to  control  the  relay.  In  most  relays 
that  have  been  used  for  governing,  the  governor  starts  the 
relay,  and  then  the  latter  goes  on  without  any  control,  until  the 
position  of  the  governor  is  altered,  and  it  is  set  into  motion  in 
the  opposite  direction.  All  such  relays  necessarily  have  the 
fault  of  hunting,  but  this  is  not  so  for  one  of  the  steering-gear 
type.  The  governor,  as  it  were,  informs  such  a  relay  when  to 
move  and  how  far,  and  the  extent  of  the  change  in  the  height  of 
the  governor  cone  determines  the  travel  of  the  relay. 


Governor  with  Relay  for  Compound  and  Triple  Expansion 
Engines,  by  Davry,   Paxman  &  Co. 

The  steam  relay  shown  is  applied  by  Messrs.  Davey,  Paxman 
<fe  Co.  to  compound  and  triple  expansion  engines.  The  weigh- 
shaft  W,  which  works  the  expansion  gears  of  all  the  cylinders, 
is  connected  with  the  piston  of  the  small  relay  cylinder  0.  The 
relay  valve  R  V,  which  admits  steam  to  this  cylinder,  is  worked 
by  the  floating  lever  L,  and  allows  steam  to  enter  at  its  middle 
and  exhaust  at  its  ends.  The  lower  end  of  the  floating  lever 
is  attached  at  L,  to  the  crosshead  of  the  relay  piston  rod,  and  its 
upper  end  through  the  links  K,  <fcc.,  to  the  governor  sleeve. 
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while  the  small  piston  valve  of  the  relay  is  connected  to  an 
intermediate  point.  It  will  thus  be  seen  that  when  the  governor 
balls  rise,  RV  will  move  to  the  left,  and  so  admit  steam  to  the 
left  of  the  relay  piston.  This  forces  the  piston  inwards,  and 
pushes  the  eccentric-rod  end  of  the  drag  link  further  from  the 
block  attached  to  the  engine  valve  rod,  and  therefore  reduces 
the  travel  of  the  valve  and  the  power  of  the  engine.  In  addition, 
as  the  relay  piston  moves  one  way  or  the  oth  r,  it  rotates  the 
floating  lever  L,  about  its  upper  end,  and  brings  R  V  back  to 
its  mid  position,  and  so  automatically  comes  to  rest.  By  this 
means,  the  relay  piston  and  main  slide  valves  are  made  to  follow 
all  the  motions  of  the  governor,  and  the  amount  of  the  motion 
of  the  relay  piston  will  depend  on  the  change  in  the  height  of 
the  balls.  The  governor  itself  has  very  little  work  to  do,  since 
it  has  only  to  move  the  small  valve  RV.  By  means  of  the 
weigh  shaft  W,  and  levers  attached  to  it  the  valve  rods  of  all 
the  cylinders  are  moved  simultaneously,  in  the  same  way  as  the 
one  shown.  Minor  adjustments  of  the  speed  may  be  made 
while  the  engine  is  running  by  altering  the  tens. on  in  the 
spring  S,  by  means  of  a  worm  and  worm  wheel  on  the  end  of 
the  spindle  H. 

Knowles'  Supplemental  Governor.* — Another  method  is  that 
invented  by  Knowles.  Here  two  governors  are  used,  a  large 
one  to  control  the  valve  in  the  ordinary  way,  and  a  smaller  one 
to  alter  the  length  of  the  rod  connecting  the  first  one  to  the 
valve.  This  is  i  fleeted  by  fitting  two  friction  cones  to  the  sle  ve 
of  the  smaller,  or  supplemental,  governor,  and  having  a  third 
between  them,  which  will  gear  with  one  or  other  if  the  governor 
rises  or  falls  by  more  than  a  prescribed  amount.  The  valve  rod 
is  in  two  parts,  having  a  right-  and  left-handed  screw  respectively 
at  their  adjacent  ends,  and  the  nut  which  joins  these  screws  is 
rotated  by  the  third  friction  cone.  This  governor  has  been  ex- 
tensively employed  in  spinning  mills,  where  the  fluctuations  in 
loa'l  are  neither  great  nor  sudden,  but  where  the  speed  must 
remain  very  constant. 

Inertia  Governors.! — For  small  gas  engines,  which  always 
receive  a  full  charge  of  gas  during  each  cycle  or  none  at  all,  a 
form  of  governor  known  as  the  inertia  governor,  has  been  found 
suitable.  In  the  one  first  illustrated,  the  gas  valve  is  opened 
by  a  valve  opener  V  O,  which  is  actuated  through  the  lever  L,  by 
the  cam  C,  fixed  on  the  side  shaft  S.  On  the  lower  end  of  the 
valve  opdher  there  is  a  bell  crank  B  0,  engaging  a  slot  on  the 

*  See  the  Practical  Engineer,  vol.  v.,  p.  205,  March  27,  1891. 
t  See  Gas,  OH,  and  Air  Engines,  by  Bryan  Don  kin,  for  other  forma  of  gat 
engine  governor^. 
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governor  weight  W.  The  weight  is  supported  by  a  spring 
fixed  to  a  bracket  on  the  lever  L.  As  the  lever  is  moved  up- 
wards, the  inertia  of  the  weight  W,  causes  it  to  lag  behind,  aud 
thus  compress  the  spring,  but  the  latter  is  so  adjusted  that  as 
long  as  the  speed  does  not  exceed  th^  normal,  BC  is  not  moved 
down  sufficiently  to  cause  V  O  to  miss  the  g.s  valve  spindle. 


Inertta  Governor  for  Stockport  Gas  Engine. 


In 

DKX 

TO  Pakts. 

C  for  Cam. 
S   , ,   Side  shaft. 
R  „    Roller. 
L  ,,    Lever. 
F  „   Fulcrum. 

B  for  Bracket. 
VV   ,,    Inertia  weight. 
BC  „    Bell  crank. 
VO  „    Valve  opener. 

If,  however,  the  speed  should  rise  above  the  normal,  the  inertia 
of  the  weight  is  sufficient  to  press  B  0  down  far  enough  to  cause 
V  O  to  pass  to  the  right  of  the  spindle,  and  then  no  gas  is  ad- 
mitted for  that  cycle.  As  the  direction  •  f  the  thrust  necessary 
to  open  the  valve  passes  through  the  centre  of  the  pin  supporting 
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Inbrtia  Governor  tor  Otto  Gas 
Engine. 


the  bell  crank  B  C,  it  is  received  direct  from  the  lever  L,  and 
does  not  affect  the  governor  weight  W. 

Another,  and  simpler  form  of  inertia  governor,  as  used  in  small 

Otto  gas  engines,  depends  for 
its  action  on  the  inertia  of  a 
small  weight  W,  and  adjust- 
ing weight  AW.  The 
vibrating  arm  V  A,  is  driven 
by  the  link  L,  from  a  pin  on 
the  end  of  the  side  shaft  S  S, 
and  causes  the  valve  opener 
VO,  and  the  weight  W,  to 
move  backwards  and  for- 
wards. The  centre  of  gravity 
of  the  weights  and  valve 
opener  being  to  the  right  of 
the  pin  P,  the  point  of  V  O 
is  pressed  against  the  flat  of 
the  gas  valve  spindle.  The 
effect  of  the  inertia  of  these 
weights  acts  below  P,  and 
therefore  tends  to  turn  V  O 
downwards  when  P  is  moved  to  the  left.  The  position  of  A  W 
is  so  regulated  by  the  adjusting  nuts  A  N,  that  when  the  speed 
exceeds  what  is  desired,  the  latter  tendency  will  predominate 
and  cause  the  end  of  V  O  to  pass  below  the  valve  spindle  and 
leave  the  valve  unopened. 

Thunderbolt's  Marine  Engine  Governor. — When  a  short  or  a 
lightly  loaded  screw-driven  steamship  encounters  heavy  weather 
with  "head  seas,"  the  screw  propeller  frequently  rises  out  of 
the  water.  This  action  naturally  diminishes  its  resistance  to 
rotation,  since  the  screw  is  then  revolving  more  or  less  in  the 
air,  instead  of  in  the  denser  salt  water.  Consequently,  the 
engines  commence  to  "  race,"  which  is  not  only  very  uncomfort- 
able to  passengers  and  crew,  but  may  also  be  dangerous  to  the 
machinery  ;  for,  immediately  after  such  a  rise,  the  screw  will 
undoubtedly  be  as  suddenly  immersed  again  in  the  water,  thus 
alternately  subjecting  the  screw  shaft  and  other  moving  parts 
to  very  severe  stresses.  To  such  rough  usage  may  be  attributed 
some  of  the  "delays,"  "breakdowns,"  and  even  total  losses  of 
steamships. 

Many  marine  engine  governors  have  been  devised  and  applied, 
with  more  or  less  success,  for  the  object  of  so  automatically 
adjusting  the  supply  of  steam  to  the  engines,  that  " racing" 
should  not  take  place.  As  far  as  we  are  aware,  one  of  the  most 
successful  of  these  governors,  which  has  lately  been  put  into 
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extensive  daily  practice,  is  that  made  and  supplied  by  "The 
Thunderbolt  Governor  Coy.,  Ltd.,"  of  Middlesbro'-on-Tees. 

General  Arrangement. — As  will  be  seen  from  the  accompanying 
outside  view  (Fig.  1)  this  governor  consists  of — 


Index  to  Parts. 

Figs.  1,2,  and  3. 

A  for  Air  Compressors. 

p.,p* 

,,  Copper  Pipes. 

R 

„  Regulator. 

0 

„  Outlet  Port. 

v,fv, 

,,  Valves. 

TC 

„  Throttling  Cylinder. 

TR 

„  Throttle  Valve  Rod. 

G 

,,  Gland  for  Vj  box. 

FR 

„  Fixed  Rod. 

CF 

„   Clamped  Fork. 

S 

„  Spindle. 

F 

,,  Fulcrum. 

B 

,,  Ball  of  Pendulum. 

TS 

, ,  Thumb  Screw. 

v, 

,,  Safety  Valve. 

EG 

,,   Emergency  Gear. 

-> 

,,  Direction  Aft. 

Fio.  1.— Thunderbolt's  Marine 
Engine  Governor. 

Connected- up  for  Testing  Prior  to 
being  Fitted  on  Board  Ship. 


thunderbolt's  marine  engine  governor. 
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1.  A  set  of  duplex  double-acting  air  compressors,  A,  driven 
by  rope,  belt,  or  wheel  gearing  from  the  main  screw  shaft 

2.  An  automatic  regulator,  R,  actuated  by  a  heavy  pendulum 
ball,  B. 


Fick  2. — Throttling  Cylinder. 


Fig.  3. — Regulator. 


3.  A  throttling   cylinder,  TO,  whose   piston    is   connected 
through,  T  R,  to  the  main  steam-pipe  throttle  valve. 
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In  this  general  view,  these  parts  are  all  shown  connected 
together  and  fixed  to  one  of  the  vertical  columns  of  the  work- 
shop, where  they  are  made.  The  whole  is  just  ready  for  being 
tested  and  adjusted,  before  being  fitted  on  board  a  vessel.  A 
£-inch  copper  pipe,  Plf  connects  the  air  compressors,  A,  with 
the  inlet  spring  piston  valve,  Vv  for  its  cylinder,  T  C ;  and 
another  similar  pipe,  P2,  connects  the  regulator,  R,  also  with 
the  said  valve,  V,. 

Action  of  tits  Governor. — When  the  governor  is  in  action  and 
the  speed  of  the  main  engine  is  uniform,  the  compressed  air 
from  A  passes  freely  through  the  pipes,  Pp  P2,  and  outlet 
port,  O  (see  Figs.  2  and  3  aa  well  as  Fig.  1).  Now,  should 
the  stern  of  the  vessel  rise  out  of  the  water,  every  fore  and 
aft  fixture  in  the  vessel,  which  may  have  been  previously  level 
or  vertical,  is  thereby  inclined  to  its  normal  position.  But  the 
heavy  pendulum  with  its  ball,  B,  being  free  to  swing  from  its 
fulcrum,  F,  as  an  axis  of  motion,  tends  to  remain  in  a  vertical 
position  due  to  its  inertia.  This  naturally  raises  the  forward 
conical  end  of  the  spindle,  S  (to  which  the  upper  forked  end 
of  the  pendulum  rod  is  attached),  and  lifts  the  valve,  V2,  thus 
partially  or  wholly  closing  the  outlet  port,  O.  The  air  from 
the  compressor  pump  is  consequently  prevented  from  escaping 
as  freely  as  before  by  the  outlet  port,  O.  The  pressure  of  the 
air  in  P2  is  thereby  very  quickly  increased,  and  acting  at  once 
upon  the  piston  valve,  Yv  against  the  reaction  of  its  spring, 
the  air  passes  up  to  and  raises  the  piston  of  the  cylinder,  T  C, 
against  the  downward  pressure  of  its  spiral  spring.  As  this 
piston  rises,  it  elevates  the  throttle  valve  rod,  T  R,  and  cuts 
off  the  steam  supply  from  the  main  engines.  The  speed  is 
automatically  prevented  from  increasing  to  a  dangerous  or  even 
inconvenient  degree.*  On  the  other  hand,  when  the  bow  of 
t  he  ship  rises  and  the  screw  is  thereby  suddenly  immersed,  pre- 
cisely the  opposite  action  takes  place.  The  heavy  pendulum 
with  its  ball,  B,  remains  vertical,  the  conical  end  of  S  is 
depressed  and  the  valve,  V«,  uncovers  more  than  the  normal 
amount  of  the  outlet  port,  0.  The  air  pressure  in  P2  and  on 
Vj  is  thus  reduced  below  the  normal,  and  the  spring  in  the 
cylinder,  C,  presses  down  its  piston,  which  lowers  T  R  and 
opens  the  main  steam-pipe  throttle  valve  to  the  full  extent; 

*  In  the  case  of  compound,  triple,  or  quadruple  expansion  engines,  where 
the  steam  once  admitted  naturally  applies  its  force  throughout  the  several 
cylinders  placed  in  series,  then  this  governor  may  be  also  connected  to  an 
exhaust  throttle  valve,  as  well  as  to  the  steam  one. 
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thereby  tending  to  supply  the  desired  quantity  and  pressure 
of  steam,  to  keep  the  engines  moving  at  as  uniform  a  rate  as 
possible,  under  these  erratic  circumstances. 

When  the  piston  of  the  throttling  cylinder,  TC,  descends, 
the  air  which  it  contains,  escapes  freely  through  holes  in  the 
gland,  G. 

It  will  be  seen,  that  the  action  of  the  pendulum  causes  the 
throttle  valve  of  the  main  engines  to  synchronise,  with  the  up 
and  down  pitching  movements  of  the  vessel  in  such  a  manner, 
as  to  supply  steam  in  proportion  to  the  resistance  offered  to 
her  screw.  Also,  the  quicker  the  change  in  speed  of  the 
engines,  the  quicker  will  be  the  alteration  in  the  air  pressure, 
as  the  compr«  ssors  are  driven  by  the  engines. 

"With  "  following  seas  "  the  valve,  V2,  should  be  so  adjusted 
by  the  thumb  screw,  T  S,  as  to  partly  close  the  outlet  port,  O, 
and  make  the  governor  act  more  like  a  stationary  or  standard 
speed  governor.  This  governor  can  be  rendered  more  or  less 
sensitive,  or  quick  in  its  action  (to  suit  different  lengths  and 
kinds  of  vessels,  when  running  light  or  loaded),  by  shifting  the 
fore  and  aft  position  of  the  fulcrum,  F,  with  the  suspended 
clamped  fork,  C  F,  along  the  fixed  rod,  F  R. 

Emergency  Cut-off. — Should  the  screw  shaft  break,  or  from 
any  other  cause  the  engines  "run  off,1'  then,  the  sudden  and 
great  increase  of  air  pressure,  forces  out  a  small  safety  valve, 
V8,  connected  directly  to  the  emergency  gear,  E  G,  which  falls 
and  thus  entirely  closes  the  outlet  port,  O.  The  pressure  of 
air  in,  T  C,  consequently  increases  and  keeps  its  piston  with  its 
throttle  valve  rod,  T  R,  fully  raised,  until  the  engineer  can 
close  the  main  boiler  stop  valve. 

General  BeJiaviour.  —  From  reports  of  well-known  superin- 
tending and  chief  engineers  of  steamships  it  is  said,  that  the 
main  stop  valve  may  be  left  full  open,  wliilst  encountering 
heavy  "  head  seas,"  when  this  governor  is  properly  applied  and 
worked,  fur  it  has  been  well  designed  and  made. 

Thunderbolt's  Electric  Governor  Regulator.— The  same  firm 
make  an  "  Electric  Governor  Regulator,"  where  a  vertical 
electro-magnetic  solenoid,  takes  the  place  of  the  pendulum  in 
the  previously  described  marine  form.  The  terminals  of  this 
solenoid  are  connected  to  those  of  the  dynamo  or  switchboard. 
If  au  abnormal  rise  in  voltage  takes  place,  then  an  adjustable 
movable  iron  core  is  attracted  further  than  usual,  into  the  hollow 
cylindrical  centre  of  the  solenoid,  thus  raising  the  conical  end 
of  the  spindle,  S,  and  closing  the  throttle  valve  in  the  manner 
previously  described.  Should  the  voltage  fall  below  the  normal 
then  the  counter-spring  attached  to  the  upper  end  of  the  iron 
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core  asserts  itself  and  depresses  the  conical  end  of  S,  which 
naturally  opens  the  throttle  valve  and  gives  the  engines  more 
steam. 

"  Experiments  upon  the  Action  of  Engine-Governors."*— 
Although  the  subject  is  admitted  to  be  of  great  importance, 
comparatively  few  experiments  have  been  made  on  engine- 
governing.  The  performances  of  different  governors  seem  to 
vary  so  widely,  that  it  is  by  no  means  easy  to  choose  the  type 
best  suited  to  an  engine  working  under  given  conditions  With 
a  view,  therefore,  to  observe  in  closer  mechanical  detail  the 
behaviour  of  different  kinds  of  governors,  experiments  were 
made  at  Mason  College,  Birmingham,  under  the  superintendence 
of  Professor  R.  H.  Smith,  M.  Inst.  C.E.,  on  nine  governors  of 
different  types. 

From  speed-curves  and  other  data  connected  with  any  par- 
ticular governor  which  you  may  consider,  it  is  possible  to  obtain 
a  practical  measurement  of  those  quantities  which  are  mainly 
concerned  in  the  efficie  it  action  of  a  governor — viz.,  its  sensi- 
tiveness, its  controlling  force,  and  its 
controlling  energy.  These  quantities 
must  be  expressed  in  terms  of  some 
unit  of  speed-variation,  and  may  be 
referred  to  a  change  of  speed  amounting 
to  I  per  cent,  of  the  mean  speed  for 
which  the  governor  is  designed. 

The  term  "  sensitiveness n  will  be 
used  to  indicate  the  distance  in  inches 
through  which  the  sleeve  would  move 
in  either  direction  from  its  mean  posi- 
tion in  response  to  a  1  per  cent,  varia- 
tion of  spe  d,  if  there  were  no  frictional 
resistances  to  overcome,  and  when  no 
controlling  force  is  exerted. 

The  term  "controlling  force"  will 
be  used  to  indicate  the  force  which 
would  be  exerted  by  the  governor 
upon  the  controlling  gear,  if  the  given 
variation  of  speed  were  to  take  place  without  as  yet  producing 
any  motion  of  the  sleeve. 

*  I  have  to  thank  Mr.  W.  G.  Hibbins,  A.M.Inst.C.E.,  the  author  of 
this  "Selected  Paper,"  and  the  Council  of  the  Institution  of  Civil  En- 
gineers for  their  kind  permission  to  make  the  following  extracts.  See 
Proc.  In*t.  C.E.,  vol.  cxxxvii.,  pp.  376  to  401,  of  1899,  for  the  complete 
paper.  These  detailed  experiments  will  form  a  useful  guide  to  students,  in 
any  similar  investigations  which  they  may  have  to  undertake. — A.  J. 
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The  term  "  controlling  energy  "  will  be  used  to  indicate  the 
inch-pounds  of  work  that  would  be  done  by  the  sleeve,  if, 
starting  from  its  mean  position,  it  were  caused  to  travel  through 
a  distance  equal  to  the  sensitiveness,  first  upwards  and  back 
again,  then  downwards  and  back  again.  The  speed  during  each 
ascent  being  always  1  per  cent,  greater,  and  during  each  descent 
1  per  cent,  less,  than  the  speed  corresponding  to  the  momentary 
position  of  a  sleeve  working  without  friction.  Hence,  the  "  con- 
trolling energy "  is  very  nearly  the  same  quantity  as  the 
"  controlling  force,"  multiplied  by  four  times  the  distance  which 
represents  the  "  sensitiveness/' 

Proell  Governor.— From  tests  of  this  governor  (Pig.  1),  the 
curves  shown  in  Fig.  2  were  obtained. 
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Fio.  2. — Speed-Curves  foe  Proell  Governor. 

The  following  are  details  of  this  type  : — 

Weight  of  each  ball, =  4  8  lbs. 

Unstrained  length  of  large  spring  of  the  1    __  *»  .     . 

governor, J*  "  /finones. 

Compressive  strength M^SSS* 

Pitch  of  the  coils, =  §  inch. 

Outside  diameter  of  coils,     .*...=  2|  inches. 

Diameter  of  steel  of  which  the  spring  was  \  0^13  inoh 

made  as  given  by  the  micrometer  gauge, .  J"  ""  v  o  <*  inc  . 

When  ])laced  in  the  governor,  the  length  of  the  spring  was 
5}£  inches,  which  was  equivalent  to  a  pressure  of  232*5  lbs.  on 
the  cap  with  the  governor  at  rest. 

Natural  length  of  small  regulating  spring,  =  7J  inches. 

Pitch  of  coils, =       i  inch. 

Outside  diameter, =     if     ,, 

Diameter  of  its  steel,         .        .        .        .  =  0-177  inch. 

Mean  strength, =  16  7  lbs.  per  inoh, 
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With  the  slide-block  at  the  bottom  of  the  slide,  the  regulating 
spring  was  compressed  £  inch,  when  the  governor  was  at  rest ; 
the  pressure  then  exerted  is  12*52  lbs.,  which  is  equivalent  to 
8*24  lbs.  acting  vertically  upwards  at  the  centre  of  the  governor 
spindle.  With  the  slide-block  at  the  centre  of  the  slide,  the 
small  spring  was  stretched  -J^  inch  with  the  governor  at  rest. 
The  downward  pull  then  exerted  is  26  lbs.,  equivalent  to  1*33 
lbs.  at  the  centre  of  the  governor  spindle.  With  the  slide-block 
at  the  top  of  the  slide,  the  small  spring  is  extended  |  inch,  the 
governor  being  at  rest;  the  downward  pull  then  exerted  is 
10*43  lbs.,  equivalent  to  3*97  lbs.  at  centre  of  governor  spindle. 

The  downward  force  exerted  at  the  centre  line  of  the  governor 
spindle  by  the  small  spring  has  the  following  values  when  the 
balls  are  fully  extended — 

Block  in  lowest  position, 1  '87  lbs. 

,,        central       „  5*2     ,, 

„        highest      „  6*56  „ 

The  pressure  exerted  by  the  large  spring  with  the  balls  fully 
extended  was  326*25  lbs. 

Fig.  3  shows  the  distances  from  the  centre  line  of  the  governor 
spindle  to  the  slide-block  in  its  different  positions. 

1 
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Fig.  3— Distances  from  Centre  Line  Pig.  4.— Bell-Crank 

or  Governor  Spindle   to  Slide-  Lever. 

Block. 

Diameter  of  each  ball, =     3|  inches. 

Weight  of  ball  and  arm =6  lbs.  4&  ozs. 

Length  of  governor  arm  from  ball  centre  to  1  0  .     , 

pin  centre J  =     *  inches. 

Full  movement  of  governor-sleeve,  .  =     1  *56  inches. 

Fig.  4  shows  the  leverage  exerted  by  the  bell-crank  levers 
which  are  attached  to  the  governor  arms.  As  shown  by  the 
curves  in  Fig.  2,  the  governor  was  exceedingly  sensitive,  a 
difference  of  only  9  revolutions  per  minute  being  sufficient  to 
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Rend  the  governor  sleeve  from  its  lowest  to  its  highest  position, 
the  slide-block  being  at  the  centre  of  the  slide. 

The  governor  sleeve  is  at  mid-position  when  0*78  inch  high. 
The  loads  placed  on  the  sleeve  in  this  case  are  those  due  to  the 
weight  of  the  lever,  <fcc.,  and  the  tension  or  compression  of  the 
regulating  spring.  As  it  is  difficult  to  estimate  the  pressure  on 
the  governor  sleeve  due  to  the  weight  of  the  lever,  this  was 
measured  by  a  spring-balance  attached  to  the  lever  at  the  centre 
line  of  the  governor  spindle,  and  found  t>  be  3  lbs.  There  was 
also  a  change  in  the  pressure  on  the  sleeve  due  to  the  shifting  of 
the  slide-block  and  its  attachments. 

The  pressures  exerted  at  centre  line  of  governor  spindle  with 
the  block  in  the  three  positions  were — 

2*01  lbs.  when  the  slide-block  was  in  its  lowest  position, 
1*56   „  „  ,t  „        middle        „ 

and      M6  „  „  „  „        highest      „ 

The  loads  due  to  the  regulating  spring,  with  the  sleeve  at 
mid-position,  were — 

3 '28  lbs.  acting  vertically  upwards  with  slide-block  in  lowest  position, 
2*91  „  „  downwards  ,,  middle     ,, 

and     5-24  „  „  „  „  highest    „ 

The  total  loads  for  the  three  positions  are  therefore — 

(3  +  2-01  -  3  28)  lbs.  =  1*73  lbs.  acting  downwards  for  1st  position, 
(3  +  1-56  +  2-91)  1V     =6*47,,  „  „  2rul      ,, 

and     (3  +  1-16  +  5-24),,     =94     „  „  „  3rd      „ 

These  loads  have  been  plotted  upwards  from  the  mid-position 
line,  as  shown  in  Fig.  2,  and  to  the  given  scale.  Two  straight 
lines  are  obtained,  as  shown ;  and,  measuring  their  inclination 
by  the  divisions  of  the  squared  paper  as  before,  the  following 
results  are  obtained : — 

With  slide-block  in  lowest  position,  friction      =      0*43    lb. 
,,  ,,        middle       „  „  =      0*708  „ 

„  „        highest      „  „  =1*04     „ 

The  normal  speed  of  the  governor  was  supposed  to  be  190 
revolutions  per  minute,  and  1  per  cent,  of  this  is  1-9  revolutions, 
equivalent  to  1*9  horizontal  divisions.  Hence,  controlling  force 
=  0-50  lb. 

Considering  the  middle  pair  of  curves — i.e.,  with  the  slide- 
block  at  mid- position — it  requires  an  increase  in  speed  of  from 
187*5  revolutions  to  194*3  revolutions  per  minute  to  lift  the 
sleeve  from  a  height  of  0*25  inch  to  1-5  inch.     Therefore — 

i.o 
Sensitiveness  =  ^  x  1*25  =  0*349. 

O*o 

Controlling  energy  =  (4  x  05  x  0-35)  =  0-70  inch-lb. 
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The  Tangye,  Acme,  Lucie,  aud  Proell  governors  were  driven 
by  belting  from  a  counter-shaft,  which  was  in  its  turn  driven  by 
means  of  a  vertical  steam  engine.     The  Watt,  Porter,  Pickering, 

Turner-Hartnell,  and  Belliss 
governors  as  tested,  were 
driven  by  means  of  an  electric 
motor,  the  speed  of  which 
could  be  regulated  exactly  by 
means  of  suitable  resistance 
frames. 

Belliss  Shaft  Governor. — 
The  governor  of  this  type 
(Fig.  5)  was  supposed  to  run 
at  about  300  revolutions  per 
minute,  and  to  control  an 
engine  of  60  H.P.  The  brass 
sleeve,  S,  is  moved  by  the 
levers,  K  K,  along  the  shaft,  P.  A  lever  is  fixed  on  to  the 
sleeve  at  W,  which  moves  the  valve-gear.  In  order  to  test  the 
governor,  it  was  placed  between  the  centres  of  a  lathe,  and 
driven  by  the  electric  motor.  The  regulating  arrangement  was 
attached  as  shown  in  Fig.  6. 


Fio.  5.— Belliss  Governor. 


Srvcktt 


atiachedthjtro 


JhpnZcAty  Spring 


Fio.  6.—  Regulating  Arrangemknts  when  Testing  the  Belliss 
Governor, 


Three  pairs  of  curves  (Fig.  7)  were  obtained  as  follows: — 
Curves  It  1(  with  no  regulating  spring  attached  to  the  lever. 
Curves  2,  2,  with  regulating  spring  attached,  but  with  no  tension 
at  starting.  Curves  3,  3,  with  the  regulating  spring  stretched 
1-28  inches  at  the  start  -  34-12  lbs.  pull. 


EXPERIMENTS  ON  THE  BELL  1 88  SHAFT  GOVERNOR. 


139 


The  following  are  details  relating  to  this  governor  : — 

Mean  strength  of  governor  springB      =    5  '6  lbs.  per  inch  extension. 

„  regulating  spring     =  26*66  „  „ 

Weight  of  throttle  valve  and  verti-  \  _    ,.*,.  •« 

oal  gear,  .....  J 
Weight  of  one  ball,  with  arm,  Ac.,     =    7*42  „ 

This  governor  appeared  to  be  very  powerful,  and  at  the  same 
time,  fairly  sensitive.  Curves  3,  3  give  the  nearest  approach  to 
the  actual  working  curves.'*'  The  movements  of  the  sleeve,  S, 
were  in  this  case  measured  directly,  which  could  easily  be  done 
as  the  sleeve  kept  very  steady,  and  the  speed  of  rotation  could 
be  regulated  exactly.  The  speed  was  recorded  by  a  speed 
counter,  driven  by  the  cone  pulley  of  the  lathe. 

The  sleeve  is  at  mid-position  when  about  0*44  inch  from  its 
starting  point.     The  loads  calculated  are  zero  for  curves  1,  1, 


«oo    '  wo mo no 
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Fiu.  7. — Speed-Curves  fob  Belliss  Governor. 

owing  to  the  fact  that  no  regulating  spring  is  on  the  governor 
lever;  17*07  lbs.  for  curves  2,  2;  and  37*76  lbs.  for  curves  3,  3. 
These  are  plotted  off  above  the  mid-position  line,  according  to 
scale ;  and,  tracing  the  two  lines  shown  in  Fig.  7,  the  following 
results  are  obtained  by  the  methods  already  described : — 

For  the  curves  1,1 friction    =    8 '8    lbs. 

:»              •••?••••>>  *■     2*34   ,, 
3,3 2-21   „ 

*  It  was  intended  to  obtain  curves  such  that  the  mean  speed  of  rotation 
was  300  revolutions  per  minute,  the  speed  givi  n  by  the  makers  for  this 
particular  governor,  but  this  was  imnossible,  owing  to  the  shortness  of 
time  during  which  the  governor  could  be  spared  for  tne  experiments. 
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The  mean  speed  of  the  governor  is  given  as  300  revolution! 
per  minute,  and  1  per  cent,  of  this  is  3  revolutions,  equivalent  to 
15  horizontal  divisions.  Hence,  the  controlling  force  of  the 
governor  =  3*89  lbs. 

Considering  curve  3,  which  is  the  nearest  approach  to  the 
working  curve,  if  the  speed  is  altered  from  238  to  305  revolu- 
tions per  minute,  the  sleeve  is  moved  from  0*1  inch  to  0-8  inch  ; 
hence,  a  change  in  speed  of  67  revolutions  per  minute  moves 
the  sleeve  0*7  inch;  therefore,  the  sensitiveness  =  0*031.  The 
controlling  energy  «  (3*89  x  0031  x  4)  =  0*482  inch-lb. 

Comparison  of  Different  Governors. — The  frictional  resistance 
was  reduced  to  a  minimum  in  each  governor,  by  carefully  cleaning 
and  oiling  the  working  parts,  but  even  then  it  varied  consider- 
ably in  amount,  as  is  shown  by  the  forms  taken  by  several  of  the 
curves,  and  also  by  the  calculations  obtained  from  them.  It 
will  be  observed  that  the  Proell  governor  possessed  very  little 
frictional  resistance  in  its  working  parts,  as  compared  with  some 
of  the  others,  and  was  closely  followed  in  this  respect  by  the 
Tangye  and  four-pendulum  governors.  It  should  be  remem- 
bered, however,  that  the  Proell  governor  had  no  valve  attached, 
and  theiefore  the  frictional  resistance  of  the  valve-spindle  at  the 
stuffing-box  is  an  element  not  included  in  the  experiments.  The 
Pickering  governor  curves  exhibit  a  frictional  resistance  much 
greater  than  might  be  expected,  considering  that  it  possesses  no 
pin  joints.  It  is,  therefore,  certain  that  the  greater  part  of  the 
frictional  resistance  in  many  governors  is  produced  at  the 
stuffing-box  of  the  valve-spindle.  In  the  governors  tested,  the 
stuffing-box  was  not  screwed  tighter  than  is  usual  in  practice. 
It  is  also  probable,  that  in  a  Pickering  governor,  there  is  a  con- 
siderable amount  of  frictional  resistance  at  the  points  where  the 
lever  of  the  regulating  spring  presses  on  the  governor  valve- 
spindle,  and  also  inside  the  cap  at  the  top  of  the  governor. 

The  table  on  the  following  page  shows  the  chief  results 
obtained  from  the  nine  governors  tested. 

Comparing  the  values  of  the  controlling  force,  it  will  be 
noticed  that  the  small  Tangye  governor  exhibits  a  high  value;  it 
is,  however,  lacking  in  sensitiveness.  Another  notable  feature 
is  the  large  controlling  force  of  the  Turner-Hartnell  governor, 
and  the  large  amount  of  frictional  resistance  in  its  working 
parts.  It  is  evident  that  the  controlling  force  depends  largely 
on  the  weight  of  the  balls,  and  the  central  weight  or  u  muff"  of 
the  governor,  for  the  highest  values  are  exhibited  by  the  Liide, 
Watt,  Porter,  Turner-Hartnell,  and  Belliss  governors,  which  all 
had  either  heavy  balls,  weights,  or  a  heavy  central  load.  As 
regards  sensitiveness,  the  Proell  governor   appears  to  be  far 
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superior  to  the  rest.  It  is  striking  how  favourably  the  Porter 
governor  compares  with  some  of  the  more  modern  types,  posses- 
sing, as  it  does,  both  sensitiveness  and  great  controlling  force. 
The  Watt  governor  also  shows  large  controlling  force,  due  no 
doubt  to  its  very  heavy  balls. 


Type  of  Governor. 


Tangye  (Soho),     . 

Acme, . 

Lude  (4- pendulum  ) 

governor), .        . ) 
Proell, . 
Watt,  . 
Porter, 
Pickering,    . 
Turner  -  HartnelH 

(shaft-governor),  J 
Belliaa    (shaft-      \ 

governor), .        .  J 


Mean  Speed  Revolutions. 


Load=    0    . 
„     =20  lbs. 


Per 
Minute. 
400  0 
400  0 
200*0 
229  25 
1900 
90  0 
260*0 
4000 

200-0 
300-0 


Sensi- 
tive- 
ness. 


0*009 
0-016 
0  056 
0102 
0-35 
0113 
0  08 
0018 

0016 
0031 


Con- 
trol- 
ling 
Koree. 


Inch- 
lbs. 
1-54 
1-98 
0-95 
1-96 
0o0 
418 
104 
042 

7  99 
3  89 


Con- 
trolling 
Energy- 


Lb. 
0*056 
013 
0213 
0-7H9 
0-70 
0  189 
0-33 
003 

0-511 
0-482 


Approxi 
mate  Mean 
FrictioriAl 
Retii  tauce 
in  Lbs.  for 
Working 
Curves. 


2-6 

3-22 

2-62 

1-90 

0-71 

4-3 

2-87 

3-85 


2-21 


Results. — The  following  may  be  regarded  as  a  summary  of  the 
results  arrived  at : — 

1.  In  testing  governors  by  running  them  steadily  at  different 
speeds,  great  difficulties  have  to  be  overcome  to  obtain  the 
natural  characteristics  of  the  governors  considered,  chiefly  owing 
to  frictional  resistances,  *  hich  appear  to  vary  erratically. 

2.  If  the  different  governors  were  placed  on  the  engine  and 
tested  by  suddenly  altering  the  load,  there  would  still  be  uncer- 
tainty in  the  results,  owing  to  the  variations  of  the  frictional 
resistance  in  the  valve-gen  r,  which  is  connected  with  the  sleeve 
(or  the  eccentric)  of  the  governor. 

3.  The  controlling  force  of  a  governor  is  increased  by  increas- 
ing the  weight  of  the  balls  or  the  central  load. 

4.  The  controlling  force  and  sensitiveness  are  increased  by 
providing  the  governor  with  powerful  springs. 

5.  Increasing  the  masses  of  the  revolving  balls  or  weights  also 
increases  the  amount  of  frictional  resistance. 

6.  Shaft-governors  can  be  made  much  more  powerful,  bulk  for 
bulk,  than  vertical  governors. 

7.  The  advantages  of  using  the  more  modern  types  of  governor 
over  using  the  older  types,  such  as  well-designed  Watt  and 
Porter  governors,  are  not  so  great  as  perhaps  might  be  expected. 
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APPENDIX. 

To  Obtain  tbb  Controlling  Force  Graphically. 

"  A  method  of  obtaining  graphically  the  controlling  force  of  a  vertical 
governor  is  shown  in  Fig.  8. 

Let     C  =  centripetal  force  in  lbs.  acting  at  the  centre  of  the  governor 
ball  in  order  to  maintain  equilibrium  at  the  normal  speed. 
W  =  weight  in  lbs.  of  each  of  the  governor  balls. 
T,  t  =  tension  in  lbs.  on  the  upper  and  lower  arms  respectively. 
N  =  number  of  revolutions  of  the  governor  per  minute  at  the 

normal  speed. 
F  =  the  total  load  on  the  sleeve  divided  by  the  number  of  balls. 
f=  the  controlling  force  exerted  at  the  sleeve  for  each  ball  in  the 
governor,  or  the  whole  controlling  force  divided  by  the 
number  of  balls. 
$  and  0  =  the  angles  made  by  the  centre  lines  of  the  upper  and  lower 
armB  with  the  vertical  centre  line  of  the  spindle  when  the 
governor  is  running  at  normal  speed. 
R  =  radius,  in  feet,  of  the  circle  described  by  the  centres  of  the 
governor  balls. 
The  force  diagram  is  constructed  as  follows : — 

Draw  a  vertical  line  and 
mark  off  BV,  VD,  repre- 
senting, to  the  same  scale, 
W  and  F #  respectively  in 
magnitude  and  direction. 

Draw  VL  parallel  to  the 
upper  arm,  OS,  and  VG 
parallel  to  the  lower  arm. 
OY. 

Draw  VM  and  DX  both 
perpendicular  to  B  D. 
Through  X  draw  X  A  parallel 
to  V  L,  and  through  B  draw 
B  A  parallel  to  VM  and  D  X. 
It  is  evident  that  the  line, 
B  A,  represents  the  force,  C,  in  magnitude  and  direction. 

Now,  the  force,  C,  is  partly  due  to  the  effect  of  W  and  partly  to  the 
effect  of  F. 
Calling  the  former  part  C«  and  the  latter  C/, 

C  =  Cw  +  C/. 

In  the  diagram,  the  line  B  L  represents  Cw,  and  LA  represents  C/.   Now 

c  _!=•«!!.  w. 

9 


*  It  will  be  noticed  that  only  half  the  central  weight  is  here  taken  into 
consideration,  the  other  half  being  supposed  to  act  on  the  other  Bide  of  the 
centre  line  of  the  governor  spindle. 
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80  that  C  is  proportional  to  N2  and  1  per  cent,  increase  of  N  is  equivalent 
to  an  increase  of  002  C  in  C. 

Produce  B  A  to  E,  making  A  E  equal  to  0*02  0. 

Draw  E G  parallel  to  AX,  produce  V X  to  6,  and  draw  G K  parallel 
toXD. 

Then  the  line,  D  K,  represents  half  the  force,  /,  to  the  same  scale  as  F 
and  W. 

To  obtain  its  magnitude  from  the  similar  figures,  VDXM,VKGP:— 

i.e.,  /=  002F^±^  =  0-02{l  +  £"}  F. 

/is  the  force  for  1  ball  only.  The  controlling  force  for  2  balls  is  2/,  and 
for  4  balls  it  is  4/. 

This  expression  for  the  magnitude  of  the  controlling  forces  is  applicable 
to  any  vertical  governor,  no  matter  what  may  be  the  train  of  mechanism 
between  the  balls  and  sleeve. 

For  the  special  kind  of  governor  shown  in  Fig.  8,  /  can  be  obtained  as 
follows : — 

/  F  1 

0-02C      F(tan0-ftan#)      tan0+tan0* 

002C       ^  0,Q2Wtanfl  +  F(tan0  +  tan0) 
t'6°'  J      tan  6  +  tan  <f>  tan  0  +  tan  <p 

F  +  i  1  tanA  =  °'02  {F  +  W^hT  }•'' 

Flywheels. — We  Lave  already  mentioned  that  the  function  of 
the  flywheel  is  to  take  up  and  give  out  energy  so  as  to  minimise 
the  fluctuations  in  speed  due  to  the  periodic  changes  in  the 
crank  effort,  and  also  to  reduce  the  suddenness  of  other  changes 
in  the  speed  of  the  engine. 

In  the  previous  Lecture  we  found  an  expression  for  the 
tension  per  square  inch  in  the  rim  of  a  flywheel  due  to 
centrifugal  force,  and  saw  that  it  was  independent  of  the 
cross  area  of  the  rim.  The  highest  speed  at  which  a  fly- 
wheel can  be  run  with  safety,  will  therefore  depend  upon  the 
tensile  strength  and  the  density  of  the  material  of  which  it 
is  made,  for  it  is  evident  that  we  cannot  make  it  able  to  go 
faster  by  enlarging  the  cross  area  of  the  rim,  since  that  increases 
the  total  stress  in  exactly  the  same  proportion  as  it  increases 
the  total  strength.  Consequently,  for  very  high  speeds  it 
is  necessary  to  select  a  material,  and  so  dispose  of  it,  as  to 
have  the  greatest  possible  strength  for  a  given  mass.  Fly- 
wheels are  usually  made  of  cast  iron,  either  moulded  and  cast 
in  one  piece,  or  built  up  in  several  segments ;  but  sometimes, 
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they  have  bet  n  made  of  wrought  iron  or  steel,  so  as  to  offer  a 
much  greater  resistance  to  bursting,  or  by  winding  steel  wire 
into  an  annular  trough  made  of  steel  plates  at  a  definite  distance 
from  the  crank  shaft.* 

Balancing  Machinery.!— If  a  flywheel  be  not  accurately 
balanced,  it  will  cause  wobbling  stresses,  which  produce  vibration 
and  wear,  and  which  become  greater  as  the  speed  is  increased. 
Owing  to  the  recent  demand  for  high-speed  machinery,  such  as 
sugar-drying,  cream  separating,  hydro-extracting,  and  electric 
light  machinery,  the  attention  of  engineers  has  been  specially 
directed  of  late  to  the  necessity  for  more  perfect  balancing,  with  a 
view  to  reducing  vibration  and  its  attendant  noise,  tear,  and  wear. 
Even  in  the  case  of  express  trains,  it  has  been  found  advisable 
to  balance  the  carriage  wheels.  This  is  done  by  placing  their 
axles  and  their  wheels  on  a  framing  with  springs  of  exactly 
the  same  kind  as  those  to  be  used  on  the  carriage  for  which 
they  are  intended,  and  running  them  at  their  highest  speed  of, 
say,  60  to  70  miles  per  hour.  Pieces  of  clay  are  placed  upon  the 
inside  of  their  rims  until  they  run  perfectly  smoothly.  These 
lumps  are  then  replaced  by  pieces  of  cast  iron  or  lead  of  the 
same  weight,  and  the  process  repeated  until  as  perfect  a  balance 
as  possible  has  been  obtained. 

In  works  where  the  importance  of  balancing  machinery  is 
recognised,  the  machine  to  be  balanced  is  placed  upon  a  testing 
table  and  run  at  gradually  increasing  speeds.  At  each  speed 
the  balance  is  made  as  perfect  as  possible,  by  trial,  in  a  manner 
similar  to  that  just  described  for  railway  carriage  wheels,  until 
the  maximum  working  speed  has  been  reached,  and  the  whole 
is  capable  of  running  practically  free  from  vibration  even  when 
not  secured  by  bolts  or  clamps. 

A  common  method  of  balancing  pulleys  in  the  workshop  is 
to  mount  them  on  a  shaft,  or  mandril,  which  is  then  placed  on 
two  parallel  and  perfectly  level  straight  edges.  This  is  a 
delicate  method  of  procuring  a  statical  balance,  but  it  does 
not  follow  that  there  is  a  true  dynamic  balance,  as  there 
may  be  a  centrifugal  couple,  which  will  cause  vibration,  and 
needless  pressure  on  the  bearings.     To  take  a  simple  case,  con- 

*  See  Prof.  Sharp's  pamphlet  on  "A  New  System  of  Wheel  Construo 
tion"  (Technical  Publishing  Co.,  Manchester).  Also,  "Flywheels  for 
Slow-Speed  Electric  Traction  Steam  Dynamos,"  hy  A.  Marshall  Downie, 
B. So.,  and  the  full  discussion  in  vol.  xlv. — Parts  I.  and  II.,  Nov.  and  Dec., 
190  li  Trans.  Inst.  Enge.  and  Shipbuilders  in  Scotland. 

t  See  Proc.  Inst.  Kng.  and  Shipbuilders  in  Scotland,  vol.  lxiii.,  1899,  for 
a  paper  on  "The  Mechanics  of  the  Centrifugal  Machine,"  by  C.  A. 
Matthey.  Also,  Proc.  N.E.  Coast  Inst,  of  Eng.  and  Shipbuilders,  vol.  xii., 
1896,  for  a  paper  on  "  An  Investigation  into  the  Force  tending  to  produce 
Vibration  in  High-Speed  Engines,"  by  J.  M.  Allan. 
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sider  a  crank  shaft  with  two  cranks   180°  apart.     The  static 
balance  may  be  perfect  if  the  cranks  are  similar;  yet,  it  is  clear  that 
the  centrifugal  forces  of  the  two  cranks,  although  equal,  parallel, 
and  opposite  in  direction,  are  not  in  the  same  straight  line,  and 
therefore  form  a  couple  in  a  plane  passing  through  the  axis  of 
the  shaft.     The  plane  of  this  couple  revolves  with  the  cranks, 
and  it  consequently  tends  to  make  the  axis  describe  a  double 
cone  in  space,  the  common  vertex  of  this  cone  being  at  the 
centre  of  gravity  of  the  whole  rotating  mass.     Similarly,  with  a 
pulley  there  may  be  an  excess  of  material  on  one  side  at  one 
extremity  of  a  diameter,  and  at  the  other  extremity  an  excess 
on  the  other  side,  which,  while  the  static  balance  is  perfect,"" 
cause  a  centrifugal  couple,  and  set  up  objectionable  vibrations  at  , 
a  high  speed.     The  final  adjustment  of  the  balance  of  a  wheel   ] 
or  pulley  should  therefore  always  be  made  at  the  highest  speed— 
at  which  it  is  intended  to  run.      In  order  to  have  a  statical 
balance  about  an  axis,  it  is  sufficient  that  the  axis  should  pass 
through  the  centre  of  gravity  of  the  whole  mass,  but  for  a  perfect 
dynamic  balance,  it  must  also  pass  through  the  centre  of  gravity 
of  every  section  taken  at  right  angles  to  the  axis.     It  is  possible, 
however,  in  some  cases  to  have  the  body  as  a  whole  balanced 
without  this  last  condition,  but  in  such  cases  there  will  be 
several  centrifugal  couples  whose  resultant  is  zero,  but  which 
tend  to  bend  the  shaft  at  several  places. 

Weston  Centrifugal  Machine.  —  As  a  useful  application  of 
centrifugal  force,  and  an  example  of  a  self-balancing  high-speed 
machine,  we  here  illustrate  the  Weston  centrifugal  for  drying 
sugar.  The  first  figure  gives  a  general  view  of  a  pair  of  30-inch 
centrifugals  suspended  from  the  house  framing,  with  sugar- 
breaker,  pug  mill,  swivel  shoot,  and  molasses  gutter.  The 
baskets  of  these  machines  are  driven  at  1,200  revolutions  per 
minute,  and  give  an  output  of  12  to  16  tons  of  dried  raw  sugar, 
or  12  to  20  tons  of  dried  refined  sugar,  per  day  of  ten  hours, 
and  require  about  seven  horse-power  to  drive  them. 

In  order  to  charge  the  machine,  the  valve  at  the  bottom  of 
the  pug  mill  is  opened,  so  as  to  allow  the  sugar  to  gravitate 
down  the  scoop  into  the  basket  B,  seen  in  the  vertical  section. 
When  a  sufficient  charge  has  been  given,  the  pug  mill  valve  is 
closed,  and  the  basket  started  rotating  by  a  friction  pulley  of 
the  kind  shown  in  Lecture  VIII.,  p.  158  of  Vol.  I.  The  belt 
which  drives  the  pulley  P,  connected  to  the  spindle  S,  thus 
gradually  brings  the  speed  up  to  its  normal.  The  centrifugal 
force  causes  the  water  and  molasses  to  pass  through  the  numer- 
ous holes  in  tlie  periphery  of  the  basket  into  the  monitor  case 
X  0,  from  whence  it  escapes  by  the  discharge  pipe  D  P ;  while 
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Weston  Centkifugal  Sdoar-Driers,  lt  Watson,  Ludlaw  &  Co. 
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the  sugar  forms  a  wall  around  the  inside  of  the  basket.  When 
the  sugar  is  dried,  the  friction  grip  of  the  driving  pulley  is 
relieved,  and  the  brake-strap  applied  to  the  brake  pulley  B  P, 
so  as  to  bring  the  basket  and  its 
contents  quickly  to  rest.  The  con- 
ical cover,  or  discharge  valve  D  V,  is 
then  raised  and  hung  on  the  brake 
pulley,  as  seen  in  dotted  lines.  The 
wall  of  sugar  is  broken  down  and 
swept  through  the  central  opening 
into  the  conveying  trough  T.  It  is 
then  forced  alon^  this  trough  by  a 
large  screw  to  wherever  it  may  be 
wanted. 

The  basket  is  not  compelled  to  re- 
volve about  a  fixed  axis,  bat  is  per- 
mitted to  choose  its  own  centre  of 
rotation  by  the  use  of  elastic  bearings. 
By  allowing  the  revolving  basket  to 
oscillate  within  certain  limits,  it 
assumes  as  its  centre  of  gyration  the 
centre  of  gravity  of  the  basket  and 
its  contents,  and  so  becomes  self- 
balancing.  This  reduces  to  a  mini- 
mum the  power  required  to  drive  the 
machine,  severe  stresses,  wear  and 
tear,  and  the  vibrations  transmitted 
to  the  building.  By  referring  to  the 
sectional  view  of  the  spindle,  it  will 
be  easily  understood  how  this  is  ac- 
complished. A  strong  block  B,  is 
bolted  to  the  overhead  beam,  and 
inside  this  block  are  placed  two  india- 
rubber  buffers  1 1,  the  upper  of  which 
sustains  the  suspended  spindle  S,  by 
a  nut  and  washer.  This  spindle  does 
not  rotate,  but  it  carries,  at  its  lower 
end,  a  series  of  washers  which  support 
the  bearing  F,  fixed  to  the  outer  re- 
volving spindle.  The  pulley  P,  and 
brake  pulley  B  P,  are  attached  to  the 
upper  end  of  this  outer  spindle,  and 
the  perforated  basket  to  its  lower  end.  The  hollow  portion  of 
this  spindle  is  filled  with  oil,  so  that  the  bearing  F  runs  in 
an  oil  bath,  and  is  always  well  lubricated. 


Section  of  Spindle  and 
Bearings  for  Weston 
Centrifugal. 
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There  are  many  other  applications  of  this  principle,  such  as  in 
hydro-extractors,  cream-separators,  &c.  The  next  illustration 
shows  a  modification  of  the  above  machine  adapted  for  extracting 
oil  from  engine  waste,  turnings,  screws,  <kc.,  or  drying  crystals 
and  ores.  The  material  to  be  dried  is  put  into  the  hollow  pan  A, 
which  is  then  rotated  at  about  2,000  revolutions  per  minute. 
The  oil,  or  water,  escapes  through  the  narrow  opening  between 
the  upper  and  lower  parts  of  the  pan  at  B,  into  the  outer  casing 
D,  and  thence  to  the  spout  E.     The  pan  is  emptied  by  lifting  it 


Under-Driven  Centrifugal  Extractor,  by  Watson,  Laidlaw  &  Co. 

bodily  from  the  top  of  the  spindle  and  turning  it  upside  down. 
It  rests  on  a  leather-faced  disc  on  the  top  of  the  spindle,  and  is 
kept  central  by  a  continuation  of  the  same,  which  fits  easily 
into  a  recess  in  the  bottom  of  the  pan.  This  arrangement 
permits  of  a  little  slip  at  starting,  by  which  the  driving  belt  is 
relieved  from  any  sudden  or  severe  stress.  The  spindle  is 
similar  in  construction  to  the  one  just  described,  but  inverted, 
so  that  this  machine  is  also  self-balancing. 
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Lecture  XXIII.—  Questions. 

1.  The  governor  and  flywheel  of  an  engine  have  both  the  purpose  ot 
regulating  its  speed.     Explain  how  their  actions  in  this  respect  aiffer. 

2.  Explain  the  principle  of  Watt's  pendulum  governor,  and  state  its 
advantages  and  defects.  Various  methods  have  been  proposed  for  im- 
proving this  form  of  governor;  discuss  the  action  of  any  Boch  modern 
apparatus  with  which  you  are  acquainted. 

3.  What  are  the  principal  essentials  of  a  good  steam  engine  governor? 
Sketch,  in  outline,  any  one  form  of  governor  with  which  you  are  acquainted, 
and  explain  to  what  extent  it  is  satisfactory  according  to  the  conditions 
which  you  have  laid  down,  or  how  it  might  be  improved. 

4.  Sketch  the  ordinary  pendulum  or  ball  governor  of  a  steam  engine. 
Mark  on  your  drawing  some  particular  line  whose  length  is  related  to  the 
number  of  revolutions  of  the  balls.  State  the  relation  as  nearly  as  you 
know  it.  If  the  line  referred  to  be  shortened  in  proportion  of  2  :  3._how 
much  would  the  number  of  revolutions  be  increased  ?    Ans.   */$  ;  J2. 

5.  Sketch  an  ordinary  Watt's  governor,  and  explain  its  action  upon  the 
valve  with  which  it  is  connected.  Why  is  it  an  improvement  to  shift  the 
points  of  suspension  so  that  the  arms  cross  each  other  ? 

6.  Explain  the  advantages  of  the  crossed-arm  governor  for  a  steam- 
engine.  Find  the  height  of  the  cone  when  the  engine  is  making  40 
revolutions  per  minute,  and  prove  the  formula  on  which  you  rely. 

A  us.   I  8  ft. 

7.  Define  the  term  "  isochronous  "  as  applied  to  governors.  How  may 
isochronism  be  approximately  obtained?  Prove  the  formula,  connecting 
the  height  of  the  cone  of  revolution  and  the  number  of  revolutions  per 
minute,  for  a  simple  pendulum  governor. 

8.  Sketch  the  pendulum  governor  as  Watt  made  it.  From  the  balls  of 
a  common  governor,  whose  collective  weight  is  A,  there  is  hung  by  a  pair 
of  links  (of  lengths  equal  to  the  ball-rods)  a  load,  B,  capable  of  sliding  up 
and  down  the  spindle.  Compare  the  loaded  and  common  governor  as 
regards  sensitiveness,  the  weights  of  the  arms  or  links  being  neglected. 

9.  Find  an  expression  for  the  height  of  the  cone  in  a  loaded  governor 
when  rotating  at  a  given  number  of  revolutions  per  minute.  Show,  by  a 
sketch,  the  connection  of  the  governor  with  a  throttle  valve.  By  what 
arrangement  may  the  tendency  to  over-sensitiveness  be  corrected  ? 

10.  Find  the  height  of  a  simple  or  "Watt"  governor  revolving  at  80 
revolutions  per  minute.  If  the  same  governor  had  a  weight  of  40  lbs. 
attached  to  the  sleeve,  the  balls  weighing  3  lbs.  each,  what  should  be  its 
height,  supposing  the  same  speed  to  be  maintained,  and  the  link  work  to 
be  such  that  the  sleeve  rises  twice  as  fast  as  the  balls  ?  Neglect  the  weight 
of  the  connecting  links.     Arts,  5*5  ft.  and  6*5  ft. 

11.  Find  the  height  of  a  simple  conical  pendulum  revolving  at  80  revolu- 
tions per  minute.  If  a  loaded  governor,  making  240  revolutions  per 
minute,  had  a  weight  of  20  lbs.  attached  to  the  sleeve,  the  balls  weighing 
2  lbs.  each,  what  would  be  its  height,  the  vertical  motion  of  the  balls  being 
half  that  of  the  sleeve  ? 

12.  Sketch  and  describe  any  spring-loaded  governor,  and  compare  the 
action  of  the  spring  with  that  of  a  weight. 

13.  What  objection  is  there  to  regulating  the  speed  of  an  enging  by  the 
throttle  valve  1 
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14.  Explain  what  is  meant  by  automatic  expansion  gear,  showing  wherein 
lie  its  special  advantages  in  the  economic  working  of  an  engine.  Sketch 
such  an  arrangement  and  its  connections. 

15.  Explain  by  the  aid  of  the  necessary  sketches  the  construction  of 
either  the  Armington-Sims  or  the  Westinghouse  high-speed  flywheel 
governor  and  valve  gear.  Show  clearly  how  in  these  arrangements  the 
throw  and  angle  of  advance  of  the  eccentric  are  varied,  whilst  the  lead  is 
kept  constant.  (Robey's  and  Ransoms,  Sims  &  Jefferies'  shaft  governors 
ar.  similar  to  those  asked  for.) 

16.  What  special  benefit  is  obtained  by  adding  a  relay  to  a  governor  ? 
Sketch  and  describe  a  relay  which  automatically  follows  up  the  motion  of 
the  governor. 

17.  Sketch  Knowles'  supplemental  governor  and  describe  its  action. 

18.  Describe  the  pendulum  governor  of  the  Otto  engine,  and  point  out, 
by  reference  to  sketches,  the  manner  in  which  it  acts. 

19.  Explain  clearly  the  arrangement  by  which  the  speed  of  an  Otto  engine 
is  regulated- 

20.  Describe  any  form  of  inertia  governor  used  for  regulating  the  speed 
of  a  gas  engine. 

21.  Describe,  with  proper  sketches,  a  form  of  vibrating  pendulum 
regulator  as  fitted  to  an  Otto  gas  engine,  and  explain  how  it  acts,  and 
is  made  adjustable.  Assuming  that  the  pendulum  is  actuated  by  the 
rotation  of  the  gas  and  air  valve,  describe  the  mechanism  connecting  the 
end  of  the  valve  with  the  pendulum,  showing  that  it  forms  a  well-known 
combination  in  linkwork. 

22.  Explain  why  it  is  necessary  to  balance  high-speed  machinery,  and 
describe  the  most  approved  method  of  doing  so. 

23.  What  primal  y  law  in  mechanics  asserts  itself  when  some  revolving 
piece  of  machinery  moves  at  a  high  velocity,  and  is  unbalanced  ?  A  weight 
of  1  lb.  is  placed  on  the  rim  of  a  wheel  2  feet  in  diameter,  which  revolves 
upon  its  axis  and  is  otherwise  balanced.  The  linear  velocity  of  the  rim 
being  30  feet  per  second,  what  is  the  pull  on  the  axis  as  caused  by  the 
weight  of  1  lb.?    Ana.  28'1  lbs. 

24.  Explain  by  sketches  and  description  how  railway  carriage  wheels  for 
express  trains  and  their  axles  are  balanced.  Give  your  reasons  for  and 
against  the  common  workshop  expression  that  a  perfect  statical  balance  ii 
not  one  when  the  machine  is  run  at  a  high  speed. 
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Lecture  XXIII.— A.M. Imst.C.E.  Exam.  Questions. 

1.  In  a  loaded  governor,  the  four  equal  links  of  which  form  a  parallelo- 
gram with  sides  8  inches  long,  the  balls  weigh  5  lbs.  each,  and  the  load  is 
20  lbs.  Find  the  speed  when  the  links  stand  at  right  angles.  Find  also 
what  increase  of  speed  is  required  to  raise  the  load  &  inch  higher. 

(I.C.E.,  Ftb.,  1898.) 

2.  Describe  exactly  what  is  the  object  of  using  a  load  on  a  watt 
governor.     Prove  what  you  say  to  be  correct.     (I.C.E.,  Oct.,  1898.) 

3.  The  rods  and  links  of  a  Porter's  loaded  governor  are  each  1  foot  long, 
the  balls  each  weighing  2  lbs.,  and  the  load  12  lbs.  The  valve  is  full  open 
when  the  arms  are  at  30°  to  the  vertical,  and  shut  when  they  are  at  45°. 
The  velocity  ratio  between  the  engine-shaft  and  the  governor-spindle  is  2. 
Find  the  extreme  working  speeds  of  the  engine.     (I.C.E.,  Oct.,  19C0.) 

4.  Show  that  the  height  of  a  simple  revolving  pendulum  when  making 

oc  (\fu\ 

n  revolutions  per  minute  is,  approximately,  -  '  a     inches.    The  balls  of  an 

unloaded  governor  each  weigh  20  Idb.,  the  arms  and  slide  links  are  all 
equal,  and,  when  running  at  80  revolutions  per  minute,  the  actual  height 
of  the  governor  is  7  inches.  Calculate  the  pull  on  the  slides  at  this 
■peed.     (I.U.E.,Oc*.,  1902.) 

5.  What  are  the  difficulties  to  be  overcome  in  governing  turbines  to  run  at 
constant  speed  ?  Describe  two  methods  of  governing.  (I.  C.  E. ,  Oct. ,  1 902. ) 
{See  also  Lecture  XXX  VI,  on  Turbines. ) 

6.  The  rods  and  links  of  a  Porter's  loaded  governor  are  each  1  foot 
long,  the  balls  each  weighing  2  lbs.  and  the  load  12  lbs.  The  valve  is  full 
open  when  the  arms  are  at  30°  to  the  vertical,  and  shut  when  they  are  at 
45°.  The  velocity  ratio  between  the  engine-shaft  and  the  governor-spindle 
is  2.    Find  the  extreme  working  speeds  of  the  engine.    (I.C.E.,  Feb.,  1903.) 
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PART  IV.-GRAPHIC  STATICS  AND  APPLICATIONS  TO 
ROOFS.  CRANES,  BEAMS,  GIRDERS,  AND  BRIDGES. 


LECTURE  XXIV. 

Contents. —Graphic  Statics  — A  Framed  Structure  -  Classification  of 
Frames — Firm  Frames — Deficient  Frames — Redundant  Frames -Con- 
ditions of  Equilibrium —Bow' 8  Method  of  Lettering— Solution  of  a 
Triangular  Frame — Reciprocal  Figure  for  a  Joint — Definition  of  a 
Strut — Definition  of  a  Tie — Stress  Diagram — Determination  of  the 
Kind  of  Stress  in  a  Bar— Firm  Quadrilateral  Frame— Firm  Tri- 
angular Frame — Firm  Frame — Firm  Frame  with  Mansard  Outline- 
Questions. 

Graphic  Statics  is  the  Science  and  Art  of  determining  by  scale 
drawings  the  total  stresses  in  the  various  parts  of  a  structure. 
The  forces  transmitted  through  each  part  of  a  structure  may  be 
ascertained  either  by  calculation  or  by  graphical  construction. 
The  former  method  is  extremely  tedious,  except  in  very  simple 
cases,  whereas  the  latter  is  not  only  rapid,  but  also  affords  a 
self-evident  means  of  checking  the  accuracy  of  the  solution. 

Definition. — A  Framed  Structure  consists  of  an  assemblage 
of  rigid  bars,  so  arranged,  that  the  stresses  in  them  are  principally 
push  or  pull  and  by  the  use  of  which,  external  forces  may  be 
transmitted  or  modified. 

A  structure  is  different  from  a  machine  in  so  far  as,  the 
former  transmits  force  while  the  latter  transmits  energy.  This 
means  that  the  parts  of  a  structure  are  assumed  to  be  at  rest 
while  those  of  a  machine  must  be  in  motion. 

In  this  section  we  assume,  unless  otherwise  stated  : — 

(1 )  That  the  point  of  crossing  of  two  or  more  bars  is  a  friction- 
less  joint,  and  that  the  external  forces  act  only  on  the  joints  of 
the  frame. 

(2)  That  all  the  members,  bars,  or  links  are  able  to  withstand 
either  push  or  pull,  and  are  consequently  termed  "rigid  bars." 

(3)  That  each  bar  is  incapable  of  being  appreciably  deformed 
under  the  action  of  the  stress  it  may  have  to  carry. 

For  the  complete  specification  of  a  force,  we  must  know  the 
following  four  elements : — 
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(1)  The  point  or  place  of  application. 

(2)  The  line  of  action — i.e.,  the  line  along  which  the  force  is  acting. 

(3)  The  direction  or  way  the  force  acts  along  its  line  of  action. 

(4)  The  magnitude — i.e.,  the  number  of  units  of  force. 
Classification  of  Frames.— (1)  Firm  Frames  are  those  which 

have  just  sufficient  bars  to  prevent  change  of  shape,  and  any 
bar  may  therefore  be  lengthened  or  shortened  without  stress- 
ing any  of  the  other  members. 

\2)  Deficient  Frames  are  those  which  have  not  sufficient  bars 
to  prevent  deformation,  and  the  joints  must  therefore  be 
made  stiff  in  order  to  resist  change  of  form. 

(3)  Redundant  Frames  are  those  which  have  more  bars  than 
are  necessary  to  resist  distortion.  In  frames  of  this  kind  we 
cannot  alter  the  length  of  certain  bars  without  stressing  one  or 
more  of  the  other  members.  Further,  the  frame  may  be  self 
stressed  if  the  redundant  bars  be  badly  fitted,  and  the  stresses 
in  the  various  members  are  indeterminate  unless  their  yield- 
ingness  be  taken  into  account. 

Conditions  of  Equilibrium.— There  must  be  no  translation. 
This  is  assured  if  the  diagram  of  external  forces  is  a  closed 
polygon.     In  other  words,  their  "  Vector  Sum"  must  =  0.* 

There  must  be  no  rotation.     This  is  satisfied  if: — 

(1)  The  external  forces  have  no  resultant  movement  round 
any  point  that  may  l>e  chosen. 

(2)  The  line  of  action  of  the  resultant  of  all  except  two  of 
the  forces  passes  through  the  point  of  intersection  of  the  lines 
of  action  of  these  two  forces. 

If  a  number  of  external  forces  act  upon  a  structure  and  keep 
it  at  rest,  and,  if  we  have  to  determine  graphically  the  relations 
among  these  external  forces,  we  must  know  at  least : — 

Either.— All  the  elements  of  all  the  forces  except  one  and 
nothing  about  that  one. 

Or.— All  the  elements  of  all  the  forces  except  two,  and  about 
one  of  these  two  its  line  of  action.  About  the  other,  one  point 
in  its  line  of  action. 

In  the  former  case,  we  determine  the  resultant  of  all  the  given 
external  forces  by  any  method,  and  the  last  or  balancing  force 
(that  is,  the  one  we  know  nothing  about)  has  (1)  its  point  of 
application  anywhere  in  the  line  of  action  of  the  resultant,  (2)  its 
line  of  action  coincident  with  the  line  of  action  of  the  resultant, 

S3)  its  direction  or  way  opposite  to  that  of  the  resultant,  and 
4)  its  magnitude  is  the  same  as  that  of  the  resultant. 
The  second  case  will  be  clear  by  a  reference  to  Fig.  1. 
BA  is  the  resultant  of  the   external  forces,  1.2.3... (n-  2), 
acting  on  the  body  or  frame.     D  C  is  the  line  of  action  of  the 
*See  the  note  at  the  end  of  this  Lecture  for  a  definition  of  Scalar, 
Vector,  and  Rotor.— A.  J. 
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(n  -  I)1*  force,  and  E  the  point  chosen  as  a  }x>int  in  the  line  of 
action  of  the  n*  force. 

If  three  farces  act  upon  a  body  and  k*ep  it  at  rest  their  lines  of 
action  must  all  pass  through  one  point.  Thereby,  the  line  of 
action  F  E,  of  the  n*  force  may  be  determined,  since  it  must 
pass  through  O  the  point  of  intersection  of  B  A  with  D  0.  Then 
by  an  application  of  the  triangle  of  forces  the  magnitudes  and 
ways  or  directions  of  the  (n  -  I)"1  and  n*  forces  may  be  deter- 
mined. 

Bow's  Method  of  Lettering.— In  Fig.  2  we  have  an  example 
of  Bow's  method  of  lettering  a  system  of  forces.     It  will  be  seen 


Fig.  1. — Relation  among  External        FU.  2.  —Illustration  of  Bow's 
Forces.  Method  of  Lettering. 

that  every  force  has  one  letter  on  each  side  of  its  line  of 
action.  This  is  in  order  to  name  the  force.  Thus,  we  speak  of 
the  forces  A  B,  B  C,  0  D,  D  E,  and  E  F.  Again,  each  letter  has 
been  used  twice,  excepting  A  and  F.  This  would  indicate  that 
one  force  was  awanting  or  required  to  be  determined  : — viz., 
the  force  A  F.  This  force  may  be  the  resultant  or  the  equi- 
librant  as  the  case  may  be ;  or,  if  on  drawing  the  polygon  of 
forces,  F  coincides  with  A  (that  is,  the  magnitude  of  F  A  is 
zero),  then  the  system  is  in  tran  stationary  equilibrium. 

In  Fig.  3,  we  have  the  forces  acting  at  the  joints  of  the 
triangular  frame  XYZ,  named  bv  Bow's  method 

The  forces  which  keep  in  equilibrium  the  joints  X,  Y,  and  Z, 
are:  — 

For  the  joint  X — 

The  force  B  C  (all  the  elements  of  which  are  known). 
The  action  of  the  stress  *  C  D ;  and, 
The  action  of  the  stress  D  B. 

*  As  is  usual,  in  treatises  on  this  subject,  the  word  ffres*,  throughout 
Part  I  V.f  means  the  total  force  transmitted  by  the  bar,  and  not  the  force 
per  unit  of  cross  area. 
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For  the  joint  Z — 

The  action  of  the  stress  B  D  ; 

The  action  of  the  stress  D  A  ;  and,  . 

The  supporting  force  A  B. 

And  for  the  joint  Y — 

The  action  of  the  stress  A  D  ; 
The  action  of  the  stress  D  C ;  and, 
The  supporting  force  C  A. 

The  supporting  force  C  A,  has  been  represented  by  a  curved 
dotted  line  to  indicate  that  all  we  know  about  it  is,  its  point 
of  application. 

The  point  X  might  be  called  the  joint  BCD;  the  point  Y 
the  joint  CAD;  and  the  point  Z  the  joint  ABD,  since  the 
letters  naming  a  joint  have  been  used  to  name  the  forces  acting 
at  that  joint. 

In  Fig.  3,  we  have  used  the  letters  A,  B,  and  C  each  four 
times  and  the  letter  D  six  times.  In  practice,  this  is  avoided 
by  lettering,  as  indicated  in  Fig.  4.  Then  the  forces  and  bars 
will  have  the  same  names  as  before.     Success  in  graphic  solu- 


Fig.  3.  -  Bow's  M  kthod  of  Letter- 
ing a  Triangular  Frame. 


Fig.  4. — Bow's  Method  iw 
Practice. 


tions  depends  in  a  great  measure  on  correct  lettering,  and  on 
correct  assumptions  having  been  made,  first,  with  regard  to  the 
total  number  of  external  forces  that  act  on  the  frame,  and 
second,  with  regard  to  what  is  known  about  the  various 
elements  of  these  external  forces. 

One  great  advantage  of  the  Graphic  Method  of  Solution  is, 
that  our  attention  is  always  being  directed  to  the  correctness  of 
any  assumptions  that  have  been  made.     If  the  Stress  Diagram 
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closes,  we  may  sarely  consider  the  solution  to  be  correct  for 
the  assumptions  made ;  but,  if  it  does  not,  some  assumption  is 
wrong  or  something  has  been  left  out. 

Correct  lettering  is  accomplished  when  every  external  force  and 
every  bar  lias  one  letter  and  only  one  on  each  site  of  it. 

All  the  external  forces  must  be  applied  at  ike  joints  oftheframe9 
but  if  any  should  act  at  a  point  other  than  the  end  of  a  bar,  tften 
two  equivalent  parallel  forces  must  be  applied  to  the  member  under 
consideration,  one  at  each  ewl.  By  equivalent  parallel  forces  is 
meant  two  forces  which,  applied  as  stated,  would  have  the  given 
force  as  their  resultant 

The  lines  of  action  of  the  external  forces  must  not  fall  inside  the 
frame,  but  must  be  drawn  outside,  as  in  Fig.  4- 


Fig.  5.— Sketch  of  Frame. 


Fig.  6.— Frame  Diagram. 


Solution  of  a  Triangular  Frame. — Given,  the  triangular  frame 
a  be,  and  the  force  P,  completely  specified  as  follows,  viz.  : — 

Its  point  of  application,  b ; 
Its  line  of  action,  d  b ; 

Its  way  or  direction  from  d  towards  6 ;  and, 
Its  magnitude,  P  lbs.     Also, 

The  line  of  action  of  one  of  the  supporting  forces,  ae. 
And  finally,  a  point  c,  in  the  line  of  action  of  the  other 
supporting  force. 
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It  18  required  to  find  the  remaining  elements  of  the  supporting 
forces,  also  the  magnitudes  and  kind  of  stresses  in  the  bars. 

We  begin  by  drawing  the  Frame  Diagram  (Fig.  6)  to  scale. 
This  scale  should  be  as  large  as  possible,  say,  in  this  case, 
J  inch  representing  1  foot.  Then  letter  the  Frame  Diagram  by 
Bow's  method.  Now,  let  the  lines  of  action  of  the  forces  A  B 
and  B  C,  on  being  produced  meet  in  O.  Then  for  no  rotation, 
the  line  of  action  of  the  other  supporting  force  C  A  (as  indi- 
cated by  the  chain  dotted  line)  must  pass  through  O,  and  also 
through  the  joint  D  C  A,  as  given.  Thus  the  line  of  action  of 
the  force  C  A  is  determined. 

For  no  translation,  the  triangle  of  forces  is  applied,  and  will 
give  the  magnitudes  and  ways  of  the  supporting  forces,  as 
indicated  by  Fig.  7.  The  scale  used  should  be  as  large  as 
convenient,  say  1  inch  representing  40  lbs. 


C 


Fig.  7  —Diagram  von  Fig.  8.— Reciprocal  Fiours 

External  Forces.  for  Joint  BCD 

Definition. — If  from  a  point,  a  number  of  lines  radiate,  and 
if  a  polygon  be  drawn  which  has  its  sides  either  all  parallel  to,  or 
all  at  right  angles  to  corresponding  radiating  lines,  then  this 
Polygon  is  called  the  Reciprocal  of  the  Point. 

Thus,  the  triangle  B  C  A,  Fig.  7,  may  be  called  the  reciprocal 
of  the  uoint  B  A  C  or  O,  in  Fig.  6. 

We  can  now  draw  the  reciprocal  figure  for  any  one  of  the 
joints  of  the  triangular  frame.  Because,  we  know  all  about  the 
external  forces  acting  at  each  of  these  joints ;  and  further,  not 
more  than  two  bars  meet  at  each  joint. 

If  more  than  two  bars  meet  at  a  joint,  tJien  toe  must  know,  in 
addition  to  all  the  external  forces  acting  at  that  joint,  the  stresses 
in  all  the  bars  except  two,  before  the  reciprocal  can  be  drawn. 
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Fig.  8  is  the  reciprocal  figure  for  the  joint  BCD.  It  ia  drawn 
to  the  same  scale  and  in  exactly  the  same  manner  as  Fig.  7, 
viz. : — B  0  parallel  and  equal  to  the  external  force  B  C ;  C  D 
parallel  to  the  bar  C  D ;  and  D  B  parallel  to  the  bar  D  B. 

The  length  of  the  lines  CD  and  B  D,  in  Fig.  8  (measured  to 
the  same  scale  as  that  used  for  B  C)  determine  the  magnitudes 
of  two  forces  which,  acting  in  conjunction  with  the  external 
force  B  C,  would  keep  the  joint  BCD,  at  rest.  The  two  forces 
C  D  and  D  B,  are  the  actions  on  the  joint  of  the  stresses  in  the 
bars  C  D  and  D  B,  and  therefore  measure  the  magnitudes  of  the 
stresses  in  these  bars.  The  arrow-heads  give  the  ways  or  direc- 
tions along  the  line  of  centres  of  the  bars  of  the  actions  C  D 
and  D  B. 

Figs.  9  and  10  are  drawn  to  the  same  scale  and  in  the  same 
way  as  Fig.  8,  and  represent  the  reciprocals  for  the  joints  B  D  A 
and  ADC  respectively. 

From  Figs.  9  and  10  we  get  similar  information  regarding  the 
bars  A  D  and  D  B,  and  their  actions  on  the  joint  DBA,  and  the 
bars  C  D  and  D  A,  and  their  actions  on  the  joint  A  D  0,  to  that 
derived  from  Fig.  8  regarding  the  joint  BCD. 

In  the  reciprocal  figure  for  the  joint  BCD,  Fig.  8,  the  way 


C 

Fig.  9.—  Reciprocal  fob  Fig.  10.— Reciprocal  jor 

Joint  B D A.  Joint  ADC. 

of  the  action  on  the  joint  BCD,  of  the  stress  in  the  bar  C  D,  is 
towards  the  left  and  upwards,  while  in  Fig.  10  the  way  of  the 
action  of  the  stress  in  the  same  bar  on  the  joint  ADC,  is 
towards  the  right  and  downwards. 

We  will  now  explain  the  cause  of  this  apparent  contradiction 
in  the  two  reciprocals.  The  reciprocal  for  the  joint  BCD,  shows 
that  the  way  of  the  action  on  the  joint  BCD,  of  the  stress  in 
the  bar  D  0,  is  towards  the  pin  B  C  D — that  is,  pushing  it. 
(This  is  indicated  in  Fig.  11  by  the  small  arrow.)  Then  from 
Newton's  third  law  the  pin  BCD,  must  push  the  bar  with  an, 
equal  and  opposite  force. 
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•  Pin  BCD. 


11.—  The  Bar  C  D. 


If  the  bar  D  0,  pushes  the  pin  B  C  D,  it  must  also  push  the 
pin  GAD.  For  this  reason,  that  no  bar  can  simultaneously 
push  a  pin  at  one  end  of  itself  and  pull  one  at  its  other  end 
This  is  what  the  reciprocal  for  the  joint  ADC,  indicates. 

Definition  of  a  Strut.— When  the  reciprocal,  for  a  joint 
indicates  that  the  way  of 
the  action  of  the  stress  in 
a  bar  is  towards  the  joint, 
then  that  bar  is  under 
compression  and  is  called 
a  strut 

On  reference  to  the  re- 
ciprocals for  the  joints 
B  D  A  and  A  D  C,  it  will 
be  seen  that  the  bar  D  A, 
is  pulling  at  the  pins 
BDA  and  ADO.  But, 
by  the  action  and  reaction 
law,  the  pins  will  pull  at 
the  ends  of  the  bar,  and  this  means  that  the  bar  D  A,  is  under 
tensional  stress  of  an  amount  measured  by  the  length  of  the 
line  D  A,  in  the  reciprocal  figures. 

Definition  of  a  Tie.— When  the  reciprocal  for  a  joint  indicates 
that  the  way  of  the  action  of  the  stress  in  a  bar  is  away  from  the 
joint,  then  that  bar  is  under  tension,  and  is  called  a  tie. 

In  Fig.  12,  the  reciprocals  for  the  three  joints  of  the  frame 
and  the  one  for  the  point  O,  have  been  combined  into  one 
diagram,  which  may  be  called  either 

the  Stress  Diagram  or  the  reciprocal  ^g 

of  the  Frame  Diagram. 

Definition. — Two  figures  are  re- 
ciprocal when  every  point  in  the  one 
has  a  corresponding  reciprocal  in  the 
other. 

For  example,  the  point  0,  in  Fig.  12 
has  the  lines  D  0,  A  0,  and  B  0,  meet- 
ing in  it  If  we  refer  to  the  Frame 
Diagram,  Fig.  6,  we  find  that,  the  bar 
0  D,  the  force  B  0,  and  the  force  A  0, 
form  the  reciprocal  for  this  point  0 
in  Fig.  12. 

We  do  not  put  arrow  heads  on      p.     12  ^combination  of 
the  Stress  Diagrams;  they  would  lead  the' Reciprocals,   or 

to  confusion,  and  are  quite  unneces-  Stems  Diagram. 

11 
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sary.  Take  for  example  the  line  A  D,  Fig.  12,  from  the  reci- 
procal of  the  joint  A  B  D,  we  would  require  an  arrow  head 
pointing  from  D  towards  A ;  while,  from  the  reciprocal  of  the 
joint  A  D  C,  an  arrow  head  would  require  to  point  the  other 
way.  (The  double  arrow  on  the  line  A  D,  points  to  the  fact  that 
a  stress  has  no  way.) 

It  will  have  been  observed  : — 

(1)  That  when  Figs.  7,  8,  and  9  have  been  drawn  they  give 
all  the  information  that  was  intended  to  be  derived  from  drawing 
Fig.  10— viz.,  Fig.  8  gave  the  magnitude  of  0  D,  and  Fig.  9  that 
of  DA. 

(2)  That  when  we  place  the  reciprocal  for  the  joint  A  B  D,  on 
the  reciprocal  for  the  point  O,  as  in  Fig.  12,  we  have  only  to 
join  D  to  C  in  order  to  complete  the  diagram. 

These  two  observations  point  out  that  we  have  too  much 
information ;  the  excess  is  due  to  the  finding  of  the  point  O. 
This  frame  is  one  of  a  class  where  we  may  find  the  stresses  without 
first  finding  all  the  elements  of  the  reactions  or  supporting  forces. 

Stress  Diagram. — We  shall  now  show  how  to  determine  the 
Stress  Diagram  direct  from  the  Frame  Diagram — t.e.,  without 
first  finding  the  reciprocals  for  the  joints,  and  combining  them 
into  one. 

It  is  quite  immaterial  as  to  which  way  we  go  round  a  structure 
— i.e.  (referring  to  Fig.  6),  whether  we  go  from  A  to  B  and  then 
to  C,  or  the  other  way  round.  We  shall  find  it  to  be  an  advan- 
tage to  go  round  every  structure  in  the  same  way  as  the  hands 
of  a  watch.  By  doing  so  we  shall  find  that  the  Stress  Diagram 
will  always  lie  to  the  left  hand  of  the  external  force  polygon. 
This  will  enable  us  to  lcnow  where  to  begin  the  external  force 
polygon  in  order  to  leave  room  for  the  Stress  Diagram. 

Referring  to  Fig.  6,  where  we  are  not  supposed  to  know 
either  the  point  O,  or  the  line  of  action  of  the  force  C  A,  let 
us  plot  out  therefrom  the  Stress  Diagram,  Fig.  12. 

(1)  Draw  BC,  in  Fig.  12,  parallel  to  the  line  of  action  of  the 
external  force  B  C  in  the  Frame  Diagram,  Fig.  6,  and  containing 
100  units,  to  some  convenient  scale,  say  1  inch  to  represent 
40  lbs.  The  correct  lettering  of  this  line  is  a  very  important 
part  of  the  work.  Since  we  are  going  round  the  frame  in  the 
direction  of  the  hands  of  a  watch — that  is,  from  B  to  C — then  B 
must  be  put  at  the  top  end  and  C  at  the  bottom  end  of  the 
line  just  drawn  so  as  to  indicate  the  way  of  the  force  correctly. 
If  this  point  is  attended  to,  little  trouble  will  be  experienced  in 
drawing  the  diagrams. 

(2)  Draw  from  the  last  point  found  (viz.,  C)  a  line  parallel  to 
some  force  or  bar  which  has  C  as  one  of  the  letters  for  its  name; 
for  example  C  D. 
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(3)  Draw  from  the  other  end  £  of  the  lino  B  C,  a  line  parallel 
to  the  bar  £  D,  and  mark  the  point  of  crossing  of  the  two  lines  D. 

(4)  Through  D,  the  last  point  determined,  draw  D  A.  parallel 
to  the  bar  D  A,  and  from  some  of  the  other  points  found  draw  a 
line  parallel  to  a  force  whose  line  of  action  is  known.  Now, 
C  A  cannot  be  used  because  we  only  know  its  point  of  applica- 
tion, but  we  know  the  line  of  action  of  BA.  Then  drawing 
from  B,  in  Fig.  12,  a  line  parallel  to  the  line  of  action  of  the 
supporting  force  A  B,  we  determine  the  point  A. 

(5)  On  joining  C  with  A  we  obtain  a  line  parallel  to  the  line 
of  action  of  the  supporting  force  C  A,  and  the  length  of  this  line, 
C  A,  measures  the  magnitude  of  the  force. 

(6)  Measuring  the  lines  in  Fig.  12  with  the  scale  used  to  draw 
down  the  line  B  C,  we  obtain  the  magnitudes  of  the  stresses  in 
all  the  bars  and  of  the  two  supporting  forces. 

How  to  Determine  the  kind  of  Stress  in  a  Bar.— We  will  begin 
with  the  consideration  of  the  forces  which  act  on  the  left-hand 
joint — viz.,  the  joint  BD  A,  in  Fig.  12. 

Success  in  this  part  of  the  work  depends  almost  entirely  upon 
giving  to  each  bar  meeting  in  the  joint  under  consideration  its 
proper  name — i.e.,  by  letters  in  their  proper  order. 

Since  we  have  gone  round  the  external  forces  in  drawing  the 
Stress  Diagram  from  B  to  C,  dsc. — that  is,  in  the  direction  of  the 
hands  of  a  watch — we  must  go  round  each  joint  of  the  structure 
in  the  same  way  when  naming  the  bars  meeting  in  that  joint. 

The  bars  meeting  in  the  joint  BDA,  would  therefore  be 
called,  the  bar  B  D,  the  bar  D  A,  and  the  supporting  force  or 
reaction  A  B.  Having  thus  determined  the  name  of  the  bar, 
we  then  refer  to  the  Stress  Diagram  in  order  to  find  the  way 
in  which  the  stress  in  that  bar  acts  with  regard  to  the  joint. 

Take  for  example  the  horizontal  member  in  the  Frame 
Diagram,  Fig.  13  (this  member  is  called  the  tie  rod  or  tie 
beam,  since  it  ties  the  lower  ends  of  the  rafters  together),  its 
name  with  reference  to  the  joint  BDA,  is  DA.  Now,  in  the 
Stress  Diagram  D  is  on  the  left  of  A,  and,  therefore,  the  stress 
in  the  bar  D  A,  acts  from  left  to  right  (».«.,  from  D  to  A)  with 
respect  to  the  pin  at  the  joint  BDA.  This  means  that  the 
bar  D A,  is  pulling  at  the  pin  BDA,  and  therefore  the  pin 
BDA,  pulls  at  the  bar,  thereby  putting  the  bar  into  tension. 

Similarly  the  stress  in  the  bar  B  D  (called  a  rafter)  acts,  so 
far  as  the  joint  B  D  A  is  concerned,  in  the  direction  indicated 
by  B  D  in  the  Stress  Diagram — that  is,  from  B  to  D.  The  bar 
B  D,  is  therefore  pushing  at  the  joint  BDA,  and  is  thus  put 
into  compression  by  the  reaction  of  the  pin  BDA. 

Bulk  to  Determine  the  Kind  of  Stress  in  a  Bar. — Take 
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the  letters  on  each  side  of  .the  Bar  in  the  Frame  Diagram,  in 
the  same  order  with  respect  to  the  joint  on  which  the  Bar  acts, 
as  we  have  taken  the  letters  on  each  side  of  the  External  Forces 
acting  on  the  Frame.  Then  along  the  line  in  the  Stress 
Diagram,  which  is  named  after  the  Bar,  from  the  first  letter 


Pin  BCD 


*Tn  BDA 


Pin  ADC 


Stress  Diagram. 
Fig.  1&— Strkss  Action  on  Pins. 

towards  the  second,  gives  the  way  of  the  stress'  action  with 
respect  to  the  joint  under  consideration.  If  the  way  is  towards 
the  joint  the  stress  in  the  Bar  is  Compression  or  Posh,  and  the 
Bar  is  called  a  Stmt.  If  the  way  is  away  from  the  joint  the 
stress  is  a  Tension  or  Pull,  and  the  Bar  is  called  a  Tie. 


FIBM   QUADRILATERAL   FRAME. 
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The  above  rule  may  also  be  applied  to  a  point  in  a  bar.  Take, 
for  example,  the  point  E,  in  the  tie  rod,  and  suppose  we  want  to 
find  how  the  left-hand  portion  of  the  tie  rod  acts  upon  the 
section  at  £.  Then  the  name  of  the  left-hand  portion  of  the 
tie  rod  with  respect  to  E  is  A  D,  and  from  the  Stress  Diagram  this 
acts  from  right  to  left — that  is,  away  from  E — and  is  therefore 
pulling  at  the  section. 


Fio.  14a.— Frame  Diagram. 
Fkamb  Solvable  without  knowing  all  about  Reactions. 

Notice  that  the  tie  rod,  with  respect  to 
the  left-hand  joint,  is  called  D  A,  and  with 
respect  to  the  right-hand  joint  would  be 
called  A  D,  and  similarly  with  any  other 
bar  in  the  frame. 

The  above  rule  for  the  kind  of  stress 
does  away  with  the  use  of  arrow-heads 
and  of  supplementary  diagrams. 

The  action  of  all  the  bars  on  the  pins 
of  the  frame  are  shown  in  the  small  dia- 
grams surrounding  the  Frame  Diagram  of 
Fig.  13. 

Firm  Quadrilateral  Frame.— This  frame 
is  one  of  a  type  which  allows  a  solution  to 
be  found  without  having  first  determined 
all  the  elements  of  the  reactions. 

We  shall  assume  that  the  right-hand 
end  rests  on  rollers,  as  indicated  in  Fig.  1 4a. 
Consequently  the  line  of  action  of  the  re- 
action is  practically  vertical.  If  it  simply 
slides  instead  of  rolling,  then  the  reaction  is  inclined  to  the 
normal  at  an  angle  equal  to  the  angle  of  friction,  and  inclined 


Fig.  146. —Stress 
Diagram. 
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to  that  side  of  the  normal  which  will  oppose  the  motion  of  the 
frame.  The  left-hand  end  of  the  frame  in  Fig.  14a  is  assumed 
to  be  anchored  to  the  uall  by  bolts,  «fec.  All  we  know  about 
the  left-hand  reaction  is  its  point  of  application. 

If  we  suppose  both  ends  of  a  frame  to  be  anchored,  then  we 
only  know  the  points  of  application  of  the  reactions,  and  we 
assume  that  their  lines  of  action  are  parallel  to  each  o  her  and 
to  the  line  of  action  of  the  resultant  of  the  external  forces. 

We  begin  by  drawing  the  Frame  Diagram  to  as  large  a  scale  as 
possible,  and  then  indicate  the  external  forces  at  the  joints  by 
their  lines  of  action.  The  right-hand  react  ion  is  indicated  by 
vertical  line,  and  the  left-hand  reaction  by  a  dotted  curved  line, 
as  shown  in  Fig.  14a.  We  then  letter  the  diagram  according  to 
Bow's  method. 

In  drawing  the  Stress  Diagrams,  we  shall  always  go  round  the 
Frame  Diagrams  clockways. 

We  begin  by  drawing  a  line  parallel  to  the  line  of  action  of 
the  first  force  or  load  BO.  This  line  should  contain  as  many 
units  of  length  as  BC  contains  units  of  force,  which  in  this 
example  is  2  tons.* 

Then  draw  0  D  parallel  to  the  line  of  action  of  the  load  C  D, 
and  containing  4  units  of  leDgth  corresponding  to  the  4  tons 
load.  Next  draw  D  £  parallel  to  the  line  of  action  of  the  load 
D  £,  and  £  F  parallel  to  the  line  of  action  of  the  load  £  F, 
representing  8  units  and  4  units,  respectively. 

The  line  B  C  D  £  F  is  called  the  Line  of  Loads. 

In  order  to  complete  the  Stress  Diagram  we  shall  begin  with 
the  joint  CDG,  which  is  the  only  joint  of  which  we  have  suffi- 
cient data.  Draw  from  the  point  0  in  the  (l  Line  of  Loads  "  a 
line  parallel  to  the  bar  C  G,  and  from  D  a  line  parallel  to  the  bar 
D  G.  The  intersection  of  these  two  lines  is  called  the  point  G. 
From  G  draw  G  H  parallel  to  the  bar  G  H,  and  from  £  draw 
£  H  parallel  to  the  bar  £  H.  This  determines  the  point  H. 
Then  draw  H  A  parallel  to  the  bar  H  A,  and  from  F  draw  a  line 
parallel  to  the  line  of  action  of  the  reaction  F  A.  The  inter- 
section of  these  two  lines  fixes  the  point  A.  Joining  A  with  B 
gives  the  finishing  line  of  the  Stress  Diagram.  The  line  A  B  in 
the  Stress  Diagram  is  parallel  to  the  line  of  action  of  the  left- 
hand  reaction. 

By  applying  the  rule  for  the  kind  of  stress,  we  can  determine 
from  the  diagram  all  we  may  wish  to  know — e.g.,  with  respect 
to  the  top  right-hand  joint,  the  diagonal  member  is  called  H  G. 

*  The  scale  for  the  diagram  should  be  aa  large  as  convenient.  A  rough 
guess  may  be  made  by  ad  dine  all  the  loads  together,  and  assuming  that 
this  will  be  the  total  vertical  length  of  the  diagram. 


frIRM    TRIANGULAR   *RAM& 
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On  reference  to  the  Stress  Diagram  we  see  that  the  way  of  its 
action  is  from  H  to  G  which  means  pushing  at  the  joint. 
Therefore,  the  diagonal  member  is  in  compression,  and  so  on  for 
the  other  members. 


Iton 


ton 


Fio.  15c— Frame  Diagram. 
Frame  with  Wind  Pressure. 


The  magnitudes  of  the 
stresses  are  measured  by 
the  lengths  of  the  lines  in 
the  Stress  Diagram. 

The  polygon  B  CDEFA 
is  called  the  polygon  of  ex- 
ternal forces. 

Firm  Triangular  Frame. 
— This  frame,  Fig.  15a,  can 
also  be  solved  without 
knowing  all  about  the 
reactions. 

The  right-hand  end  of 
the  frame  is  assumed  to 
be  resting  on  rollers,  while 
the  left-hand  end  is  an- 
chored to  the  wall.  The 
vertical  loads  on  the  Frame 
Diagram  represent  the 
action  of  gravity  on  the 
roofing,  such  as  slates,  etc., 


Fro.  156.— Stress  Diagram. 


hich  is  assumed  to  be  uniformly  distributed  over  the  surface. 
In  Fig.  15a,  the  rafters  are  shown  divided  into  three  equal 
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parts  called  bays;  and,  since  the  joint  at  each  end  of  a  bay  mUst 
carry  one  half  of  the  uniformly  distributed  load  over  that  bay, 


Fig.  16a.— Frame  Diagram. 
Firm  Frame  with  a  Quadrilateral  Part. 


Fig.  166. — Stress  Diagram. 


the  vertical  loads  will  have  the  pro- 
portions shown  by  the  numbers  on 
the  Frame  Diagram.  Wind  pressure 
is  also  assumed  to  be  uniformly  dis- 
tributed, and  is  reckoned  as  so  many 
lbs.  per  square  foot  normal  to  the 
rafters.  This  is  indicated  on  the 
right-hand  side  of  the  Frara  e  Diagram. 

Note.— When  wind  pressure  acts 
on  the  rafter  which  is  anchored,  the 
stresses  in  the  members  of  the  frame 
are  more  severe  than  when  it  acts  on 
the  free  rafter.  This  should  be  re- 
membered when  designing  a  roof. 

Since  we  know  all  the  elements 
of  the  external  forces,  the  line  of 
loads  may  be  drawn  as  in  Fig.  146. 

Therefore,  in  order  to  complete 
the  Stress  Diagram  we  can  begin  at 
the  top  joint  of  the  Frame  Diagram 
where  only  two  members  meet 
This  enables  us  to  find  first  the  point 
P  in  the  Stress  Diagram,  then  the 
point  Q,  and  so  on. 


FlRlt    FRAME   WITH    MANSARD   OtiTLlHlL 
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Finn  Frame. — The    frame    represented    in   Fig.    16a    is    of 
the  same  class  as  the  two  preceding.     In  drawing  the  Stress 


Fra.  17a.— Frame  Diagram. 
Firm  Framr  with  Mansard  Outline, 

Diagram,  although  we  have  deter- 
mined the  point  N  and  the  point 
M,  we  cannot  fix  the  point  P,  until 
we  obtain  the  point  O.  After  that, 
the  diagram  closes  in  the  usual 
way.* 

Firm  Frame  with  Mansard  Out- 
line.—  In  Fig.  17a  we  have  illus- 
trated a  frame  having  the  double- 
sloped  outline  of  the  Mansard  Roc£ 
It  is  of  the  same  type  as  Fig.  16a, 
and  presents  the  same  peculiarity 
in  the  drawing  of  the  Stress  Dia- 
gram. Wind  pressure  is  indicated 
on  the  right-hand  rafters.  The 
forces  £  F  and  G  H  are  both  nor- 
mal to  the  bar  F  P.  They  should, 
however,  be  of  equal  value.  Also, 
the  forces  HE  and  LM  are  both 
perpendicular  to  the  bar  K  P. 

Fig.  17ft. -Stress  Diagram. 
•It  may  be  objected,  that  we  cannot  fix  the  point  P,  since  M NOP  la  not  a  fixed 
point,  for  M  N  and  0  N  act  independently  of  each  other. 
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Note  for  page  155. — The  word  Vector  was  used  in  defining  the  conditions 
of  equilibrium  in  frames,  consequently  it  may  be  as  well  to  define  the 
following  terms  here :  — 

Scalar. — A  quantity  which  has  no  relation  to  definite  direction  in  space, 
or  which  is  considered  apart  from  such  direction,  is  called  a  "  Scalar"  or 
"  Scalar-Quantity. " 

Vector. — A  geometrical  quantity  which  is  related  to  a  definite  direction 
in  space  is  called  a  "  Vector  "  or  "Vector-Quantity." 

vector-Quantity. — This  requires  for  its  complete  determination  (1)  the 
magnitude,  (2)  the  direction,  and  (3)  the  sense  to  be  given. 

A  vector-quantity  may  be  geometrically  represented  by  a  line,  if — 

(1)  The  length  of  the  line  represents  to  scale  the  magnitude  of  the  quantity. 

(2)  The  line  be  placed  in  the  proper  direction. 

(3)  The  proper  sense  or  way  be  given  to  the  line. 

The  sense  is  usually  indicated  by  an  arrowhead  on  the  line. 

The  line  itself  with  its  direction  and  sense  is  called  a  Vector  — > 

Suppose  that  a  force  of  known  magnitude  acts  along  a  line  from  P  to 
— >  Q ;  then,  the  Vector  is  written  down  as  P  Q,  with  a  bar-line  over  the 
two  letters  P  and  Q. 

Any  quantity,  whether  scalar  or  vector  (considered  as  occupying  a  definite 
position  in  space),  is  said  to  be  localised.     Thus  the  mass  of  a  body  in  a 

fiven  position  is  a  localised  scalar,  and  a  force  acting  on  a  body  at  a 
efinite  point  is  a  localised  vector. 
Vector  Sum. — The  sum  of  a  number  of  vectors  is  often  called  the 
Resultant  Vector,  and  in  relation  to  this  resultant  the  other  Vectors  are 
called  Components. 

To  add  a  number  of  vectors,  place  the  first  anywhere,  the  beginning  of 
the  second  to  the  end  of  the  first,  and  so  on.  then  the  vector  from  the 
beginning  of  the  first  to  the  end  of  the  last  is  the  sum  of  the  given 
vectors  (Henrici  and  Turner). 
Rotor. — A  localised  vector  is  called  a  Rotor  (Clifford), 
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Liotubb  XXIV. — Question*. 

1.  What  is  a  frame  or  framed  structure?  Distinguish  between  the 
three  different  kinds  of  frames. 

2.  Explain  in  your  own  words  Bow's  method  of  lettering  a  system  of 
forces,  with  two  examples. 

3.  What  is  meant  by  the  reciprocal  of  a  point,  and  a  pair  of  reciprocal 
figures? 

4.  Explain  how  you  would  represent  forces  in  a  diagram  so  as  to  deter- 
mine those  in  each  part  of  a  structure,  and  explain  the  principles  upon 
which  the  construction  depends. 

5.  State  a  rule  for  determining  the  kind  of  stress  in  a  bar. 

6.  Illustrate  and  explain  how  you  would  find  the  stresses  in  a  firm  quadri- 
lateral frame. 

7.  Illustrate  and  explain  how  you  would  find  the  stresses  in  a  firm  tri- 

Tlar  frame. 
Illustrate  and  explain  how  you  would  find  the  stresses  in  the  outline 
of  a  Mansard  frame. 

9.  Draw  a  parallelogram,  A  B  C  D.  The  side  A  B  is  2  inches,  and  the 
side  A  D  is  3  inches ;  the  angle  B  A  D  is  75°.  The  point  E  bisects  the  side 
C  D.  There  are  forces,  in  the  direction  D  A  of  15  lbs. ;  in  the  direction  A  B- 
of  20  lbs. ;  in  the  direction  E  B  of  23  lbs. ;  find  the  resultant,  giving 
its  magnitude,  the  angle  which  it  makes  with  A  D,  and  its  sense. 

(B.  ofE.  Adv.,  1900.) 

10.  Draw  a  parallelogram,  A  B  C  D.  The  side  A  B  is  2  inches,  and  the 
side  A  D  is  3  inches ;  the  angle  B  A  D  is  75°.  The  point  E  bisects  the  side 
C  D.  There  are  forces  in  the  direction  D  A  of  15  lbs.,  in  the  direction  A B 
of  20  lbs.,  in  the  direction  EB  of  23  lbs.  What  two  forces,  acting  one 
along  D  C  and  the  other  passing  through  the  centre  of  the  parallelogram, 
will  produce  equilibrium  ?    (B.  of  E.  H.,  Part  L ,  1900. ) 
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1.  The  figure  shows  forces  acting  upon  a  structure  in  a  plane;  the 
direction  and  position  of  one  supporting  force,  X,  are  shown ;  you  are 

informed  that  the  other  acts  through  the 
point  /* .     Find  these  supporting  forces. 

(I.C.E.,  Oct.,  1898.) 

2.  The  following  forces  act  on  a  particle 

v  .      situated  at  the  origin  of  co-ordinates  in 

^*«. — —~00*~m^*^_J      *ne  plane  of  the  paper: — A  force  of  5  lbs. 

^^T-^^        making  an  angle  of  30*  with  the  axis  of  xt 

Jx  9  lbs.  at  an  angle  of  90°,  7  lbs.  at  135°, 

1  10  lbs.   at  225°,   and  3  lbs  at  300°,  find 

graphic  ally  the  resultant  in  magnitude  and  direction.    (I.  C.  E. ,  Oct. ,  1899. ) 

3.  Write  down  the  conditions  of  equilibrium  for  a  particle  and  for  a 
rigid  body.     (I.C.E.,  Oct.,  1899.) 

4.  What  are  the  graphical  conditions  of  equilibrium  for  a  system  of 
ooplanar  forces?    (LU.K,  Oct.,  1899.) 

5.  Show  how  to  draw  the  link  polygon  for  a  system  of  coplanar  forces 
acting  on  a  body.  If  the  force  polygon  closes  and  the  link  polygon  does 
not,  show  that  the  forces  acting  on  the  body  are  equivalent  to  a  couple. 

(I.C.E.,  Feb.,  1900.) 

6.  A  masonry  wall  10  feet  in  height,  with  a  uniform  thickness  of  2  feet, 
is  subjected  to  a  horizontal  wind-pressure  of  28  lbs.  per  square  foot  on  one 
side.  Taking  the  weight  of  the  masonry  at  1J  cwts.  per  cubic  foot,  find 
the  point  at  which  the  resultant  line  of  pressure  will  intersect  the  base  of 
the  rectangular  section  of  the  wall.     (I.C.E.,  Feb.,  1901.) 
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LECTURE  XXV. 

Coictents.— Substituted  Frames -King  Post  Truss— Right-  Angled  Stmt 
Truss — Roof  Truss — Load  at  an  Internal  Joint  of  a  Frame— Modified 
French  Truss — Bowstring  Truss— Questions. 

Substituted  Frames.  —The  types  of  frames  illustrated  in  the  pre- 
vious Lecture,  although  not  practical  examples,  are  intended  to 
be  substituted  for  some  other  actual  form  in  order  to  determine 
the  reactions  therein,  since  the  reactions  do  not  depend  upon  the 
form  of  frame  carrying  the  roofing,  but  merely  on  the  distribution 
of  the  loads.  In  substituting  one  of  the  above  frames  for  a 
practical  one,  we  must  have  the  joints  of  the  substituted  frame 
coincident  with  those  of  the  given  one.  This  will  be  illustrated 
by  the  following  examples  : — 

King-Post  Truss.— In  Fig.  18  we  have  the  Frame  Diagram  of 
a  king  post  truss  with  wind  pressure  on  the  right-hand  rafter. 
In  this  case,  we  assume  both  rafters  to  be  anchored  to  the  walls. 
Therefore,  all  we  know  about  the  elements  of  the  reactions  are 


Fig.  18.— Frame  Diagram  op  Kino  Post  Truss. 

their  points  of  application,  and  that  their  lines  of  action  are 
parallel  to  each  other,  as  well  as  to  the  line  of  action  of  the 
resultant  of  the  external  forces. 

Before  we  can  determine  the  Stress  Diagram  tor  this  frame  we 
must  first  determine  the  reactions!  because  more  than  two  bats 
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meet  in  each  of  the  joints  except  the  two  where  the  reactions 
act.  Consequently,  until  we  determine  all  the  elements  of  the 
reactions  we  cannot  be -in  at  either  of  these  two  joints. 


Fig.  19.— Substituted  Frami. 

In  order  to  determine  the  reactions,  we  shall  substitute  a 
frame  similar  to  that  illustrated  in  Fig.  15a.     This  substituted 


***-'--  - 


Fig.  20— Stbess  Diagram  fob  Substituted  Fram*. 
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frame  is  shown  in  Fig.  19.  In  practice,  this  frame  is  merely 
sketched  in  order  to  apply  the  proper  letters.  The  dotted  lines 
are  drawn  in  the  Frame  Diagram,  or  the  set  square  is  simply 
made  to  pass  through  the  requisite  joints,  and  then  the  lines 
are  drawn  parallel  thereto  in  the  Stress  Diagram.  To  obtain 
Fig.  20  we  begin  by  drawing  the  line  of  loads.  Then,  we  find 
the  point  X,  when  a  line  from  the  point  X  drawn  parallel  to  the 
substituted  bar  X  Y,  and  one  from  the  point  C  parallel  to  the 
rafter  O  Y  fix  the  point  Y.  Next  we  find  the  point  Z.  Now, 
the  line  of  action  of  the  resultant  of  the  external  forces  is 


Fig.  SI.— Stress  Diagram  for  Kino  Post  Truss. 

parallel  to  the  line  joining  L  with  B.  Therefore,  the  point  A 
must  lie  on  this  line  since  the  reactions  LA  and  Afi  are 
parallel  to  each  other  and  to  the  line  of  action  of  this  resultant. 
Consequently,  we  find  the  point  A  by  drawing  through  the 
point  Z  a  line  parallel  to  the  bar  Z  A  so  as  to  intersect  L  B  in 
the  point  A.  This  determines  all  the  remaining  elements  of  the 
reactions,  viz.: — 

Their  lines  of  action  parallel  to  L  A  and  A  B. 

Their  ways  from  L  towards  A,  and  from  A  towards  B. 

Their  magnitudes  by  the  number  of  units  of  length  in  the 
lines  L  A  and  A  B. 
We  can  now  draw  the  Stress  Diagram  for  the  king  post  truss, 
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as  shown  in  Fig.  21,  from  which  the  particulars  for  the  various 
members  may  be  determined.  Comparing  Fig.  21  with  Fig.  20, 
we  see  that  nearly  all  the  lines  of  Fig.  21  lie  along  the  lines  of 
Fig.  20.  In  practice  we  simply  draw  Fig.  21  on  the  top  of 
Fig.  20. 

This  method  of  a  substituted  frame  introduces  fewer  errors 
due  to  drawing,  than  the  usual  method  of  the  funicular  polygon 
(which  will  be  illustrated  further  on),  because  we  make  use  of 
the  same  joints  of  the  frame  for  the  two  Figs.  20  and  21,  and 
the  same  line  of  loads. 

There  is  one  line  in  Fig.  21  which  will  check  the  accuracy  of 
the  Stress  Diagram.  In  drawing  the  diagram  we  begin  with 
the  point  M,  and  then  find  the  points  N,  O,  and  P.  The  line 
joining  P  to  H  will  then  be  parallel  to  the  rafter  P  H,  if  the 
Stress  Diagram  is  correct. 

Right-Angled  Strut  Truss. — In  this  frame  we  have  introduced 
loads  at  the  lower  joints  as  well  as  roofing  weights  and  wind 


Fio.  22.— Fkamb  Diagram  for  Right- Angled  Strut  Truss. 


pressure.  We  also  assume  the  two  rafters  to  be  anchored  to  the 
walls,  as  indicated  by  the  two  dotted  curved  lines  LM 
and  A  B. 

We  must  first  find  the  reactions  before  we  can  draw  the  Stress 
Diagram.  In  finding  the  reactions  we  will  substitute  the  frame 
which  is  shown  in  Fig.  23. 

First  Method  of  Obtaining  Strbss  Diagram  for  Original 
Framr. — Produce  the  lines  of  action  of  the  loads  at  the  lower 
joints  until  they  intersect  the  rafters.  These  points  of  inter- 
section are  considered  as  joints  in  arranging  the  substituted 

frame  and  the  lower  loads  assumed  to  be  acting  at  these  joints 

;.  .  12 
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as  shown  in  Fig.  23.     The  forces  /F  and  H  h  in  Fig.  23  are  the 
loads  N  A  and  M  N  in  Fig.  22  transferred  as  explained. 


Fio.  23.— Substituted  Pramb. 


The  Stress  Diagram  for  the  substituted  frame  is  illustrated  in 
Fig.  24  and  presents  no  difficulty  requiring  explanation.  This 
diagram  gives  the  reactions  L  T  ana  T  B.  (See  note  ac  ilie  end 
of  this  Lecture.) 


Fio.  24.— Stress  Diagram  for 
Substituted  Frame. 


Fio.  25. —Stress  Diagram 
for  Original  Frame, 
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Tn  order  to  draw  the  Stress  Diagram  for  the  original  frame 
which  is  illustrated  in  Fig.  25,  it  is  necessary  to  redraw  the  line 
of  loads  taking  them  in  their  order  as  in  FLj.  22,     That  is,  B  C, 


Fig.  26a.— Framb  Diagram. 
Substituted  Framb  for  Top  Joint  Loads. 


CD,  DE,  EF,  FG,  G  H, 
HK,  KL,  reaction  LM, 
M  N,  N  A  and  then  reac- 
tion A  B.  The  drawing 
of  the  remaining  part  of 
the  Stress  Diagram  calls 
for  no  special  remark. 
(The  above  Stress  Dia- 
gram is  not  completed  for 
want  of  space.) 

Second  Method. — Take 
the  top  joint  and  the 
lower  joint  loads  separ- 
ately. In  Fig.  26a  we  have 
the  substituted  frame  for 
the  top  joint  loads  and 
its  Stress  Diagram.  The 
Stress  Diagram,  Fig.  266, 
determines    the    reactions 


Fio.  266.— Stress  Diagram. 


L  W  and  W  B  due  to  the  loading  on  the  rafters. 

In  Fig.  27  we  have  a  frame  similar  to  the  one  illustrated  in 
Fig.  14a.  The  joint  A  N  S  is  any  point  in  the  line  of  action  of 
the  load  N  A  in  Fig.  22,  and  the  joint  NMRS  any  point  in  the 
line  of  action  of  the  load  M  N  in  Fig.  22.  The  left  and  right 
hand  lower  joints  of  Fig.  27  are  the  rafter  ends  in  Fig.  22 


ISO 
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Iii  Fig.  27  the  load  T  A  is  the  reaction  W  B  found  in  Fig.  266 
reversed.     The  loads  A  N  and  N  M  are  the  loads  at  the  lower 


Fig.  27.— Substituted  Frame  Diagram  for  Lower  Joint  Loads. 

joints  in  Fig.  22,  and  the  load  M  V  is 
the  reaction  L  W  of  Fig.  266  reversed. 
Therefore,  if  we  draw  the  Stress  Dia- 
gram for  the  frame  of  Fig.  27  we  deter- 
mine the  reactions  due  to  all  the  loads 
of  the  original  frame  of  Fig.  22. 

In  Fig.  28  we  have  the  Stress  Dia- 
gram for  the  frame  of  Fig.  27.  The 
reactions  are  represented  by  the  lines 
V  U  and  U  T.  This  figure  has  been 
drawn  to  a  smaller  scale  than  Fig.  24, 
but  the  lines  V  U  and  XJ  T  of  Fig.  28 
contain  the  same  number  of  units  as 
LTandTBofFig.  24. 

Roof  Truss.— In  Fig.  29  we  have  a 
frame  of  a  type  that  will  not  allow  of 
the  Stress  Diagram  being  drawn  in  a 
regular  manner,  but  only  in  a  step  by 
step  process. 

Fig.  30  shows  the  substituted  frame 
used  in  order  to  determine  the  reactions 
LA  and  A  B,  and  in  Fig.  31  we  have  the  Stress  Diagram  foi 
both  Figs.  29  and  30. 

In  Fig.  31  we  draw  6rst  the  line  of  loads,  second  we  find  the 
point  O,  then  O  X  and  D  X  fix  the  point  X,  and  X  Y  and  K  Y 
fix  the  point  Y.  On  drawing  Y  A  parallel  to  the  bar  Y  A,  and 
L  A  parallel  to  the  line  of  action  of  the  reaction  at  the  right- 
hand  joint,  we  determine  the  reactions  L  A  and  A  B. 

The  point  O  is  the  same  in  both  Stress  Diagrams,  but  we 


Fig.  28.  — Stress  Dia- 
gram eor  Frame  in 
Fig.  27. 
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cannot  determine  the  points  N  and  Q  until  we  have  found  the 
points  M  and   R.     The  point  M  is  found  by  drawing  DM 


Fig.  29.—  Frame  Diagram  or  Roof  Truss* 

parallel  to  the  rafter  D  M,  and  A  M  parallel  to  the  tie-bar  A  M; 
then  M  N  and  N  O  fix  the  point  N,  and  similarly  for  the  point 


Fro.  30.— Substituted  Frame  for  Fio. 


Q.     Again,  although  N  may  be  determined,  P  cannot  be  fixed 
until  we  have  found  Q. 

The  lino  N  P  or  P  Q  forms  a  check  line. 

Note. — The  dotted  lines  of  Fig.  31  are  the  only  part  of  the  Stress 
Diagram  for  the  substituted  frame  that  lias  not  been  required  for  the 
original  frame. 
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Load  at  an  Internal  Joint  of  a  Frame. — In  Fig.  32a  we  have  a 
frame  the  same  as  the  last  one,  but  with  a  load  applied  at  a 
joint  inside  the  frame.  This  load  is  represented  in  the  Frame 
Diagram  by  the  small  arrow  near  the  letter  P,  and  is  applied  at 
the  joint  OPQT. 

Note, — If  the  force  had  been  applied  at  a  point  in  the  bar,  then 
equivalent  parallel  forces  applied  to  the  joints  at  the  end  of  the  bar 
will  allow  a  solution  to  be  determined. 

To  obtain  a  solution  for  this  frame  loaded  as  shown,  intro- 
duce a  bar  with  its  centre  line  lying  along  the  line  of  action  of 


Fig.  31.— Stress  Diagram  for  both  Roof  Truss  and 
Substituted  Frame. 


the  given  force.  Then,  where  this  bar  cuts  an  outside  member 
of  the  frame,  apply  a  force  having  all  its  elements  (except- 
ing the  point  of  application)  the  same  as  those  of  the  given 
load. 

The  introduced  bar  is  represented  in  Fig.  32a  by  the  dotted 
line  S  T,  and  the  applied  force  by  the  chain  dotted  line  M  A. 
The  force  M  A  will  have  the  same  action  on  the  members  of  the 
frame  through  the  bar  S  T,  that  the  load  at  the  joint  OPQT 
has,  therefore  the  load  must  be  left  out  after  M  A  is  applied. 

Note. — The  introduced  bar  might  luive  been  placed  between  the 
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joint  where  the  load  is  acting  and  the  rafter,  and  the  equivalent 
jorce  applied  at  the  rafter  end  of  the  bar.* 


Fig.  32a.— Frame  Diagram. 
Roof  Tbubs,  with  Load  at  Internal  Joint. 


Fig.  826.— Stuess  Diagram. 


*  The  student  should  work  this  method  as  an  exercise.  Some  of  the 
lines  of  the  Stress  Diagram  will  be  lowered  bat  the  stresses  will  remain 
unchanged. 
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The  Frame  Diagram,  Fig.  32a,  is  loaded  similarly  to  the  frame 
of  Fig.  22.     The  reactions  are  therefore  found  in  the  same  way. 
After  the  external  force  polygon  has  been  drawn,  the  Stress 


Fig.  33a.— Frame  Diagram. 


Fig.  336.— Stress  Diagram. 
Frame  Requiring  Special  Methods  for  Solution. 

Diagram  may  be  completed  by  the  same  method  as  that  used  for 
the  frame  of  Fig.  29. 

Referring  to  the  Stress  Diagram  of  Fig.  32a,    le  sea  that  the 
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bar  T  S  exerts  the  same  pull  at  the  joint  T  S  M  A  as  the  force 
M  A.  These  two  therefore  balance  each  other,  and  we  are  left 
with  the  pull  which  the  bar  S  T  exerts  on  the  joint  O  P  Q  T. 
This  pull  ST,  on  the  joint  OPQT,  is  identical  in  all  its 
elements  with  the  load ;  and  therefore,  the  stresses  in  the 
members  of  the  frame  will  be  identical  with  those  due  to  the 
original  load. 

Modified  French  Truss,— -This  Truss  is  illustrated  in  Fig.  33a, 
and  presents  some  difficulties  in  its  solution.  We  first  deter- 
mine the  reactions  as  already  explained  and  draw  the  external 
force  polygon  as  in  Fig.  336.  Secondly,  we  draw  D  P  and  A  P 
parallel  to  the  bars  D  P  and  A  P  respectively.  This  fixes  the 
point  P.  But,  although  we  know  the  point  P,  we  can  get 
neither  Q  nor  R,  nor  any  other  point  but  X.  This  point  X, 
however,  does  not  help  us,  because  we  can  proceed  no  further 
by  aid  thereof  with  the  Stress  Diagram. 

First  Method  of  Obtaining  the  Stress  Diagram. — We 
know  that  the  point  R  lies  on  a  line  drawn  through  F  parallel 
to  the  bar  F  R  and  that  S  lies  on  a  line  drawn  through  H 
parallel  to  the  bar  H  S.  Now,  assume  a  point  R'  anywhere  on 
the  line  FR  and  draw  R'S'  parallel  to  the  bar  RS  and  HS' 
parallel  to  the  bar  H  S.  This  fixes  the  point  S'.  Then  S'  T' 
and  A  T'  fix  the  point  T',  and  R'  Q'  and  T  Q'  fix  the  point  Q'. 
Next  move  the  figure  R'  S'  Q'  parallel  to  itself  keeping  R'  on 
the  line  F  R  until  Q'  lies  on  a  line  drawn  through  P  parallel  to 
the  bar  P  Q.  This  is  done  by  drawing  Q'  Q  parallel  to  F  R  so 
as  to  intersect  P  Q  in  Q.  This  determines  the  point  Q.  Then 
Q  S  and  H  S  fix  S  and  Q  R  and  F  R  fix  R  and  so  on  for  the 
other  points. 

Second  Method. — Substitute  the  bar  Y  Z  (as  shown  by  the 
dotted  line  in  the  Frame  Diagram,  Fig.  33a)  for  the  two  bars 
Q  R  and  R  S.  This  bar  transfers  the  action  of  the  loads  at  the 
joint  G  H  S  R  F  to  the  joint  PQTA;  and  therefore,  the  stress 
in  T  A  will  be  unaffected.  If  the  bar  H  S  had  been  divided  and 
similarly  braced,  then  a  bar  from  that  joint  to  the  joint  PQTA 
would  enable  a  solution  to  be  found. 

In  the  Stress  Diagram,  Fig.  336,  we  begin  by  finding  the 
point  P,  then  the  points  T,  Z,  and  T  respectively.  Having 
found  the  point  T  we  can  then  proceed  to  find  the  other  points 
in  the  same  way  in  the  previous  cases. 

Third  Method. — First,  find  the  stress  in  the  bar  T  A,  by 
taking  one  of  the  sections  of  the  truss  and  thus  obtain  the 
resultant  of  the  loads  and  the  reaction  of  the  wall  on  that 
section.  Second,  ascertain  what  stress  in  T  A  combined  with 
the  reaction  of  the  other  section  of  the  truss  on  the  apex  will 
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balance  this  resultant.  Fig.  34  represents  the  right-hand  section 
of  the  Truss  of  Fig.  33a.  There  is  no  wind  pressure  on  this 
side.  The  loading  consists  of  £  K  L,  L  M,  M  N  and  N  O  in 
Fig.  33a.  The  resultant  K'  O,  Fig.  34,  of  these  four  loads  passes 
through  the  centre  of  the  rafter  since  N  O  is  equal  to  J  K  L  and 
L  M  is  equal  to  M  N. 
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Fio.  34.— Loads  on  Right-Hand  Section. 

We  have  now  to  find  the  resultant  of  K'O  and  the 
reaction  O  A.  Draw  the  line  a  b  anywhere  cutting  the  lines  of 
action  of  the  forces  K'  O  and  O  A  as  shown  in  Fig.  34.  Through 
b  draw  c  d  at  any  angle  to  a  b.  Make  b  o 
represent  to  scale  the  force  K'  O  and  c  d 
to  the  same  scale  the  reaction  O  A.  Then 
join  a  with  c  and  through  d  draw  a*/ paral- 
lel to  a  c,  so  as  to  intersect  a  b  produced 
in/.  Then  f  is  a  point  in  the  line  of 
action  of  the  resultant  of  the  forces  K'  O 
and  OA.  Its  line  of  action  is  parallel 
to  the  lines  of  action  of  the  forces  K'  O 
and  OA.  and  its  magnitude  is  equal  to 
their  difference — that  is,  K'  A  in  Fig.  35. 
Next  produce  the  centre  line  of  the 
bar  TA  in  Fig.  34  to  intersect  the  line 
of  action  of  K'  A,  the  resultant  of  the  two 
forces  K'O  and  OA.  Then  since  the 
resultant  K'A,  the  action  of  the  stress 
in  the  bar  T  A,  and  the  action  T  K'  (i.*.,  the  reaction  of  the 
left-hand  section  on  the  apex  of  the  frame)  form  a  system  of 


Fio.  86.—  Triangle  of 
Foboss  on  Section. 
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forces  in  equilibrium.      The  line  of  action  of  the   force  TK' 
must  pass  through  the  apex  and  the  intersection  of  TA  and 


Fig.  36a. — Frame  Diagram.    Bowstring  Truss. 

K'  A,  consequently  an 
application  of  the  tri- 
angle of  forces  will  give 
the  value  of  the  stress 
in  TA.  This  is  shown 
in  Fig.  35,  where  K'  is 
the  centre  of  KL  and 
the  other  points  are  points 
in  the  line  of  loads  as 
in  Fig.  336.  When  this 
is  known,  the  Stress  Dia- 
gram can  be  completed. 

Bowstring  Truss.— 
There  is  no  difficulty  in 
drawing  the  Stress  Dia- 
gram for  this  truss,  but 
if  we  commence  in  the 
usual  manner  by  drawing 
D  R  and  A  R,  by  the  time 
we  get  to  the  other  side, 
the  finishing  line  would  most  probably  not  be  parallel  to  its  cor- 
responding bar  in  the  Frame  Diagram.     This  is  due  to  the  short 
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length  of  the  bars  RS,  8  T,  «kc,  in  the  Frame  Diagram  and  to 
the  stresses  in  them  being  large  oom pared  to  the  loading  on  the 
roof  as  shown  by  the  Stress  Diagram. 

We  get  a  very  much  better  diagram  by  determining  the  stress 
in  one  of  the  centre  ties — e.g.,  A  X,  by  aid  of  a  supplementary 
frame.  Therefore,  in  order  to  find  the  reactions,  the  wind  pres- 
sure may  be  supposed  to  act  on  a  surface  tangential  to  the  curve 
of  the  roof  at  the  joints ;  the  length  of  the  surface  being  equal 
to  the  sum  of  the  two  half  bays  on  each  side  of  the  joint.  The 
wind  pressure  at  each  joint  will  act  along  the  radial  line  at  the 
joint,  and  therefore  the  resultant  of  the  wind  pressures  must 
pass  through  the  centre  of  the  outer  curved  flange. 

The  point  3  in  the  Frame  Diagram,  Fig.  36a,  is  the  centre  of 
the  outer  curved  flange.  This  is  a  point  in  the  line  of  action  of 
the  resultant  wind  pressure.  This  line  is  parallel  to  the  line 
joining  B  with  K'  in  the  Stress  Diagram,  and  is  represented  by 
the  line  3—7  in  the  Frame  Diagram.  BO,  CE',  E'G',  and 
G'K'  represent  the  wind  pressures  BO,  DE,  FG  and  HK 
and  therefore  B  K'  is  the  resultant  in  magnitude  and  is  parallel 
to  its  line  of  action. 

If  the  roofing  is  uniform,  the  centre  of  the  curve  of  the  outer 
flange  will  be  a  point  in  the  line  of  action  of  the  resultant  load. 
Therefore,  the  resultant  of  the  wind  pressure  and  of  the  roofing 
weight  will  also  pass  through  the  point  3.  The  line  of  action  of 
-  this  resultant  will  be  parallel  to  the  line  joining  B  with  Q  in  the 
Stress  Diagram — t  e.,  along  the  line  3 — 6  in  the  Frame  Diagram. 
The  Truss  is  in  equilibrium  under  the  resultant  load  acting  along 
the  line  3 — 6.  The  line  of  action  of  the  right-hand  reaction  is 
known,  and  the  point  of  application  of  the  left-hand  reaction  is 
also  ktiown.  These  three  forces  must  pass  through  one  point. 
Therefore  the  line  joining  the  point  1  with  the  point  where  the 
line  3 — 6  cuts  the  line  2—5  will  give  the  line  of  action  of  the 
left-hand  reaction.  But  as  the  point  of  intersection  of  the  lines 
3-6  and  2 — 5  would  be  far  off  the  paper  we  use  the  following 
construction : — Join  the  point  1  with  2,  2  with  3,  and  3  with  1 ; 
then  take  any  point  5  in  the  line  of  action  of  the  right-hand 
reaction  and  draw  5 — 6  parallel  to  2 — 3.  Then  draw  6 — 4 
parallel  to  3 — 1  and  5 — 4  parallel  to  2 — 1  so  as  to  intersect  6—4 
in  the  point  4.  If  the  point  1  be  joined  with  the  point  4  the 
the  line  1 — 4  will  pass  through  the  point  of  intersection  of  the 
line  3 — 6  with  the  line  2 — 5.  The  line  1—4  is  therefore  the  line 
of  action  of  the  left-hand  reaction. 

In  the  Stress  Diagram,  Fig.  366,  draw  a  line  through  the 
point  B  parallel  to  the  line  1—4,  so  as  to  intersect  the  line  Q  A 
in  the  point  A.  This  determines  the  reactions  and  enables  us  to 
proceed  with  the  Stress  Diagram. 
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We  shall  first  determine  the  stress  in  X  A.  Assume  a  point 
9  anywhere  and  connect  it  as  indicated  by  the  chain  dotted  lines 
in  the  Frame  Diagram.  This  point  9,  when  connected  with  the 
joints  of  the  outer  flange,  forms  a  supplementary  frame  in 
equilibrium  under  the  following  forces : — 
(1)  The  wind  pressure. 

The  loads  OD,  E  P,  G  H,  KL  and  L  M. 
The  reaction  A  B. 

The  action  of  the  stress  M  Y  on  the  joint  L  M  Y  X  W. 
The  action  of  the  stresses  in  Y  Z  and  Z  A  on  the  joint 
ZA. 


(3) 
(*) 

■i 


In  the  meantime,  the  internal  bars  R  A,  R  S,  S  T,  T  A,  on  to 
W  X  and  X  A  are  left  out  of  account 

In  the  Stress  Diagram,  Fig.  366,  we  begin  by  drawing  A/ 
parallel  to  the  supplementary  bar  A/ and  D/ parallel  to  the  bar 
D/.  This  fixes  the  point  /.  Then  fg  and  F^  give  the  point 
g  and  so  on  until  the  point  m  is  obtained.  Now  draw  mY 
parallel  to  the  bar  m  Y  (which  is  coincident  with  the  bar  X  Y) 
and  M  Y  parallel  to  the  bar  M  Y  this  fixes  the  point  Y.  In  a 
similar  way  Y  X  and  A  X  fix  the  point  X,  when  the  Stress  Dia- 
gram may  then  be  finished  in  the  usual  way.     This  method  gives 
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To  Illustrate  Exahfli  I. 

a  more  accurate  estimate  of  the  several  stresses  than  by  following 
the  usual  direct  plan,  as  explained  at  the  beginning  of  this 
example.  Moreover,  this  construction  is  perfectly  general  in  its 
application  and  may  be  used  to  determine  the  stress  in  any  one 
bar  of  a  frame. 

Example  I. — A  is  a  point  in  a  wall  10  feet  vertically  over 
another  point  B.     From  A  and  B  there  project  two  horizontal 
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bars,  AG,  BD  (the  former  being  10  feet  and  the  latter  6  feet 
long),  and  D  is  joined  by  two  bars  with  A  and  C.  If  a  weight 
of  15  cwts.  be  hung  from  0,  find  the  stresses  on  all  the  bars,  and 
show  which  are  in  tension.  Find  also  the  resultant  stress  on 
the  point  A.     You  may  neglect  the  weights  of  the  bars. 

Answer. — In  the  figure  we  have  denoted  the  spaces  by  letters 
according  to  Bow's  notation.  To  obtain  the  Stress  Diagram  we 
must  draw  H  K  parallel  to  the  force  H  K  and  15  units  long. 
Then  make  H  M  parallel  to  the  bar  H  M  and  K  M  to  the  bar 
K  M.  This  gives  us  the  point  M.  ML  parallel  to  the  bar  M L, 
and  K  L  to  the  bar  K  L,  ^x  the  point  L.  H  L,  when  joined, 
gives  the  reaction  at  the  joint  A,  and  the  other  lines  the  stresses 
in  the  bars.  Their  values  are  marked  on  the  figure.  A  C  and 
A  D  are  in  tension,  while  0  D  and  B  D  are  in  compression. 

Note  to  Fig,  $4* — Mr.  Vowell  says — "In  regard  to  the  general  method 
of  the  'Substituted  Truss  or  Frame/  the  Funicular  Polygon  appears 
simpler.  (See  Index  for  page  where  this  is  explained.)  In  the  *  Substi- 
tuted Frame '  method,  one  is  obliged  to  get  the  point  T  through  several 
short  lines,  thus  making  accuracy  difficult,  whereas,  by  the  Funicular 
Polygon  Method  you  can  always  deal  with  the  resultant  wind  pressure 
only,  and  split  it  up  by  the  shorter  '  Coulman's  Method.'" 
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1.  A  king  post  trass,  whose  height  is  one-fourth  of  its  span,  is  loaded  at 
the  joints  with  vertical  loads  of  15,  30,  and  45  units  respectively.  Deter- 
mine the  nature  and  amount  of  the  stresses  in  each  member  of  the  frame. 
(S.  &  A.  Adv.  Kxam.,  1896.) 

2.  A  roof  of  38  feet  span,  height  7  feet,  rests  on  king-post  trusses,  10  feet 
apart.  The  weight  of  the  roof  is  20  lbs.  per  square  foot.  Find  the  stresses 
on  each  part. 

3.  If  the  above  roof  has  a  wind  pressure  of  40  lbs  per  square  foot  on  one 
side,  find  the  stresses  on  each  part. 

4.  A  roof  of  the  form  shown  in  Fig.  22,  is  40  feet  span  and  10  feet  high. 
The  horizontal  tie- bar  is  8  feet  below  the  vertex.  Find  the  stresses  in  each 
part  when  loaded  with  2  tons  at  each  joint. 

5.  If,  in  the  previous  question,  the  maximum  wind  pressure  on  one  side 
be  2  tons  on  each  bay,  find  the  stresses  on  all  the  bars. 

6.  Suppose  both  ends  of  the  roof  truss  in  Fig.  29  are  anchored,  and  that 
in  the  substituted  frame  the  bar  X  Y  slopes  in  the  opposite  direction  to 
that  in  Fig.  30 ;  find  the  reactions  and  the  stresses  in  the  roof  truss. 

7.  Work  out  the  stresses  for  Fig.  32a  by  the  method  referred  to  in  the 
second  note. 

8.  Suppose  both  ends  of  the  modified  French  struss  in  Fig.  33a  are 
anchored,  and  that  the  substituted  bar  Y  Z  lies  across  the  spaces  Y  and 
W;  find  the  reactions  and  stress  (I)  neglecting  wind  pressure,  (2)  when 
wind  pressure  is  taken  into  account. 

9.  Find  the  stresses  in  the  bowstring  truss,  shown  in  Fig.  36a,  when 
both  the  ends  are  anchored  (1)  without  wind  pressure,  (2)  when  wind 
pressure  is  taken  into  account. 

10.  The  following  figures  give  the  Frame  and  Stress  Diagrams  for  a 
French  Truss.  Verify  the  Stress  Diagram  and  redraw  it  in  the  manner 
explained  in  the  text. 

11.  Draw  the  Stress  Diagram  when  there  is  a  wind  pressure  of  4  tons  on 
the  left-hand  slope,  assuming  both  sides  of  the  roof  to  be  fixed  to  the  walls. 
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lton> 


STRESS  DIAGRAM 


Illustrations  for  Questions  10  and  1}. 
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LECTURE  XXVL 

Contents.— Deficient  Frames— Iron  King  Post  Truss— Queen  Post  Frame 
— Solution  of  the  Second  Method— Solution  of  the  Third  Method- 
Solution  of  the  Fifth  Method — Yieldingness— Questions. 

Deficient  Frames.— Iron  King  Post  Trass. — In  practice  the  foot 
of  the  king  rod  N  O  is  made  virtually  solid,  as  shown  by  the  full 
lines  in  Fig.  37a.    If  the  short  bars  N  A  and  O  A  are  made  freely 


Fig.  37a. -Frame  Diagram  fob  Deficient  King  Post  Truss. 

jointed  at  N  O  A,  it  will  be  evident 
that  the  spaces  N  and  O  would 
change  their  shape  if  the  loads  at 
the  centre  of  the  rafters  were  un- 
equal. This  change  of  shape  is 
resisted  by  making  the  joint  N  O  A 
rigid. 

Since  the  bars  N  A  and  O  A  are 
very  short  compared  with  the  other 
members,  we  can  draw  the  Stress 
Diagram  as  if  the  frame  were  made 
as  shown  by  the  dotted  lines  in 
Fig.  37a.  The  full  lines  in  Fig. 
376,  which  is  the  Stress  Diagram 

Fio.  S7Al-St»b  Diagram  for     of  Fi*  *la>  are  drawn  on  the  above 
Deficient  King  PobtTkoss.       assumption. 
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If  a  line  of  section  be  drawn,  beginning  in  one  space  of  a 
Frame  Diagram  and  ending  in  another,  so  as  to  pass  through  a 
joint  or  cross  two  or  more  bars,  then  the  line  joining  the  points 
in  the  Stress  Diagram  named  after  the  beginning  and  end 
spaces  gives  the  resultant  of  the  stresses  in  all  the  bars  meeting 
in  or  crossing  that  line. 

The  student  can  easily  verify  this  by  referring  to  the 
Stress  Diagram. 

In  Fig.  37a  a  shaded  line  is  shown  beginning  in  the  space  D 
and  ending  in  the  space  O.  Then  in  Fig.  376  the  chain  dotted 
line  D  O  is  parallel  to  the  line  of  action  of  the  resultant  of  the 
stresses  in  the  bars  D  M,  M  N,  and  N  O.  The  length  of  the 
line  D  O  gives  the  magnitude,  and  from  D  to  O  the  way  of  the 
resultant  with  respect  to  the  top  side  of  this  section.  A  point 
in  the  line  of  action  of  this  resultant  may  be  found  by  drawing 
a  line  through  the  joint  D  E  F  N  M  parallel  to  the  line  joining 
D  with  N  in  the  stress  diagram  to  cut  the  bar  N  O  produced. 
The  line  D  N  is  the  resultant  of  the  stresses  D  M  and  M  N, 
which  must  pass  through  the  joint  DEFNM.  The  dotted 
line  OA  gives  the  resultant  of  the  stress  actions  in  the  bars 
O  P  and  P  A  on  the  imaginary  joint  N  O  A.  Therefore,  since 
the  bar  O  A  is  Very  short,  the  force  acting  on  the  pin  at  the  end 
of  this  bar  will  be  approximately  represented  by  the  elements 
found  from  the  line  OA.  Similarly,  the 
dotted  line  N  A  gives  the  elements  of  the 
force  acting  at  the  end  of  the  short  bar 
NA. 

The  forces  acting  at  the  foot  of  the  King     ^J^0  "     x 
Rod  are  represented  by  Fig.   38.     These        FlG  za.-Fo(yr  or 
forces  produce  bending  and  tension  in  the  Kino  Rod. 

parts  OA,  AN,  and  NO. 

Queen  Post  Frame. — A  Queen  Post  Frame  is  represented  in  its 
normal  position  by  the  solid  lines  in  Fig.  39.     If  the  frame  be 


Fig.  39.— Distortion  or  a  Freely  Jointed  Queen  Post  Frame, 
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freely  jointed,  it  would  be  deformed  into  the  shape  represented 
by  the  dotted  lines  by  a  single  force  B  C  applied  as  shown  at  the 
joint  NBCPO. 


Fig.  40a.— Framb  Diagram, 
Queen  Post  Framb,  with  Part  of  Tie- Rod  Made  Continuous. 


This  change  of  shape  may  be 
resisted  in  several  ways,  such  as 
the  following  : — 

(1)  By  a  diagonal  in  the  cen- 
tral parallelogram.  This 
diagonal  would  have  to 
stand  push  if  the  wind 
caught  the  frame  on  one 
rafter,  and  pull  if  the  wind 
pressure  were  on  the  other; 
or  the  stresses  might  be 
due  to  snow.  It  is  the 
usual  practice  to  put 
two  diagonal  ties  in  the 
parallelogram,  so  that  when 
a  push  comes  on  one  dia- 
gonal the  other  receives  it 
as  a  pull.  In  drawing  the 
Stress  Diagram  for  such  a 
frame,  if  a  push  comes  on  one  of  the  ties,  we  omit  that 
bar  and  take  the  other. 
(2)  By  making  the  bar  continuous  between  the  joints  M  O  A 
and  PHKLA,  and  therefore  able  to  resist  being  bent 
into  the  dotted  form  shown  in  Fig.  39. 


406.— Stress  Diagram. 
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(5)  By  making  the  whole  tie-beam  continuous.     This  causes 

the  frame  to  become  redundant;  i.e.t  it  may  be  self 
stressed,  by  having  the  bars  M  O  and  O  P  of  unequal 
length,  or  badly  fitted. 
(4)  By  making  one  rafter  continuous. 

(6)  By  making  the  rafters  and  tie-beam  continuous.      This 

is  the  usual  form  in  actual  practice  and  causes  the 
frame  to  become  redundant. 

Solution  of  the  Second  Method.— The  reactions  are  ascertained 
by  a  Substituted  Frame  as  already  explained.  In  the  Stress 
Diagram,  Fig.  406,  we  begin  by  drawing  DN  and  FN;  0 M  and 
AM;  NO  and  MO;  OP  and  HP  all  parallel  to  their  respec- 
tive bars.  Then  P  and  O  joined  with  A  give  the  finishing 
lines  of  the  Stress  Diagram.  The  lines  A  P  and  A  O  are  not 
parallel  to  the  bars  A  P  and  A  O.  This  indicates  that  there  is 
bending  in  the  continuous  part  of  the  tie-rod. 

In  Fig.  41,  the  forces  are  shown 
acting  on   the  part   of   the  tie-  O   1  P 

beam  which  is  continuous.     The       «  —  I    ^~*~ 

vertical  components  of  the  forces  a 

A  O  and  A  P  produce  bending  in     Flo.  41.-Thb  Continuous  Pakt 
the  bar,  while  the  horizontal  com-  oi  Tue-Bbam. 

ponents  produce  tension. 

Solution  of  the  Third  Method.— Having  found  the  reactions 
and  drawn  the  External  Force  Polygon,  as  in  Fig.  426,  we  can 
then  find  the  point  N.  We  observe  that  O  must  lie  on  the  line 
N  O,  which  is  drawn  parallel  to  the  bar  N  O ;  M  must  lie  on 
the  line  D  M  drawn  parallel  to  the  bar  D  M,  and  P  on  the  line 
£  P  drawn  parallel  to  the  bar  K  P. 

On  reference  to  Fig.  39  we  see,  that  so  long  as  the  rafter  ends 
always  remain  in  the  same  horizontal  line,  the  joint  O  P  A  must 
go  down  as  much  below  the  horizontal  line  as  the  joint  M  O  A 
goes  above  it.  Therefore,  if  the  tie-beam  is  equally  rigid  along 
its  length,  the  push  required  to  distort  it  at  the  joint  O  P  A 
must  be  equal  to  the  pull  distorting  it  at  the  joint  M  O  A — that 
is,  OP  must  be  equal  in  length  to  MO  in  the  Stress  Diagram,  Fig. 
426.  If  the  tie-beam  be  unequally  rigid,  then  the  push  and  pull 
will  be  in  proportion  to  the  rigidity  at  the  joints  O  P  A  and  M  O  A 
in  Fig.  39.  In  Fig.  42a  the  distorting  force  is  on  the  left-hand 
rafter,  and  therefore  the  joint  MO  A  will  go  down;  consequently 
M  O  is  subjected  to  push  stress. 

We  can  now  proceed  with  the  Stress  Diagram  in  Fig.  426. 
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Since  M  O  is  equal  in  length  to  OP,  P  and  M  must  lie  where 
the  line  DM  intersects  the  line  K  P.  Again,  OP  and  MO 
are  parallel  to  the  bars  O  P  and  M  O  respectively,  and  N  O  is 


Fig.  42a.— Frame  Diagram. 
Queen  Post  Frame,  with  Continuous  Tie-Beam. 

parallel  to  the  bar  N  O. 
This  fixes  the  point  0. 
Joining  the  point  P  M  and 
the  point  O  with  A  we 
complete  the  stress  dia- 
gram. 

The  forces  acting  on  the 
tie-beam  are  illustrated  by 
Fig.  43.  The  force  OP 
and  the  vertical  component 
of  P  A  constitute  a  couple 
tending  to  produce  clock- 
wise rotation.  The  force 
M  O  and  the  vertical 
component  of  A  M  form 
another  couple  of  equal 
moment,  and  also  produce 
clockwise  rotation.  These 
two  couples  bend  the  beam, 
Fio  426.— Stress  Diagram.  as   indicated   in   Fig.    39. 

The  horizontal  components  of  the  forces  A  M  and  P  A  produce 

tension  in  the  tie-beam. 

Now,  suppose  the  rigidity  of  the  tie-beam  at  the  joint  P  O  A  to 

be  |  of  its  rigidity  at  the  joint  M  O  A,  then  Ox  Pj  must  equal  § 

of  Ox  Mr     We  must  remember  that  the  joint  O  P  A  is  always  as 
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much  above  as  MO  A  is  below  the  horizontal  line.  A  con- 
struction to  determine  Mv  F19  and  Ot  is  shown  by  the  dotted 
lines  in  Fig.  426.  The  point  2  is  taken  anywhere  in  the  line 
N  O.  The  line  2 — 5  is  drawn  perpendicular  to  line  N  O,  and 
the  line  K  P  is  produced  to  cut  the  line  2 — 5  in  the  point  4. 
Then  the  length  2 — 4  must  be  to  the  length  2 — 5  as  the  rigidities 
at  the  joints.  In  other  words,  the  line  2 — 5  is  three  when  2 — 4 
is  two,  and  therefore  4—  5  is  equal  in  length  to  half  of  2 — 4. 
Now  join  point  5  with  point  1.  This  line  cuts  the  line  D  M  in 
the  point  Mx,  and  by  drawing  Ml  01  parallel  to  the  bar  M  O, 
and  N  Ox  parallel  to  the  bar  N  O,  we  obtain  the  point  Or 

The  finishing  lines  of  the  Stress 
Diagram,  Fig.  426,  are  obtained  by  *    f     O     |  P 

joining   Mv   Fv  and   Ot    with   the    ^    "  a 

point  A,  and  are  shown  by  the  chain       TiQ  43._FoRCES  AoTINO 
dotted  lines.  0H  Continuous  Tie-Beam. 

Solution  of  the  Fifth  Method. — In  this  arrangement  of  bars 
(Fig.  43a)  if  the  joint  FGHPON  descends  through  a  small 
distance  (say  1  inch)  then  the  joint  O  P  A  of  the  tie-beam  will 
descend  1  inch,  the  joint  A  M  0  will  go  up  1  inch  and  the  joint 
M  C  D  N  O  will  rise  1  inch.  Now,  all  this  will  take  place  irre- 
spective of  the  rafters  and  tie-beam  being  of  equal  or  of  unequal 
yieldingness. 

Yieldingness. — Two  springs  are  of  equal  yieldingness,  when 
they  stretch  through  the  same  amount  under  equal  loads. 

One  spring  would  have  a  yieldingness  of  three  times  another, 
if  the  first  extended  three  times  the  amount  that  the  second 
stretched  under  the  same  load. 

Further,  if  two  springs  of  equal  yieldingness  are  attached  to 
the  same  load,  so  that  they  each  extend  through  the  same 
amount ;  then  each  spring  will  carry  one  half  of  that  load.  But, 
if  two  springs  of  unequal  yieldingness  are  attached  to  the  same 
load,  so  that  they  each  extend  through  the  same  amount ;  they 
will  each  carry  a  share  of  the  load  inversely  proportional  to  their 
yieldingness.  Suppose  we  have  two  springs,  the  first  one 
stretches  say  1  inch  under  a  load  of  3  lbs.,  while  the  second 
one  extends  1  inch  under  1  lb. ;  then,  if  these  two  springs 
are  set  to  carry  a  load  of  4  lbs.,  they  will  each  extend  1  inch 
and  the  first  spring  will  carry  3  out  of  the  4  lbs.,  while  the 
second  will  carry  the  remaining  1  lb. 

The  above  remarks  apply  equally  to  bars  supporting  a  load 
between  them,  whether  they  are  under  a  similar  kind  of  stress 
or  not.     For  example,  suppose  a  beam  is  Jointed  to  a  rod  attached 
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to  a  rigid  point  above   it;  then,  their  yieldingness  would  be 
measured  by  the  amounts  they  would  each  come  down  under 


Fio.  43a.—  Frame  Diagram. 
Queen  Post  Frame,  with  Rafterb  and  Tib-Beam  Continuous. 

the  same  load,  as  applied 
to  each  separately  at  the 
point  where  they  are 
jointed  to  each  other. 

Referring  to  the  Frame 
Diagram,  Eig.  43a,  we 
shall  assume  in  tho  first 
place,  that  the  yieldingness 
of  the  rafter  at  the  centre 
in  a  vertical  direction,  is 
the  same  as  the  yielding- 
ness of  the  tie-beam  at  the 
joint  O  P  A,  also  in  a  ver- 
tical direction.*  There- 
fore, whatever  is  the 
amount  of  the  vertical 
component  of  the  distort- 
ing force,  they  will  each  be 
subjected  to  the  same  stress. 
Before  we  can  do  anything  to  the  Stress  Diagram,  Fig.  436, 

we  must  first  find  what  amount  of  the  distorting  force  passes 

into  M  O  and  O  P  in  Fig.  43a,  on  the  assumption  that  the  rafters 

are  freely  jointed  at  their  centres. 

Figs.  44a  and  446   show  how  this  is  done.      In  the  Frame 

Diagram,  the  force  QG  is  the  difference  between  the  loads  CD 

*  This  does  not  mean  that  the  rafter  and  the  beam  have  equal  rigidity. 


Fio.  436.— Stress  Diagram. 
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and  FG  in  Fig.  43a,  and  GH  is  the  same  as  in  that  figure. 
Now  draw  the  Stress  Diagram,  Fig.  44'>,  in  a  similar  manner  to 
Fig.  426.  That  is,  Q  G  and  G  H  are  drawn  to  the  same  scale  as 
t  e  line  of  loads  in  Fig.  436,  when  T  will  coincide  with  Q.  Draw 
TU  parallel  to  the  bar  T  TJ,  QS  to  QS  and  H  V  to  H  V,  The 
pull  S  U  is  equal  to  the  push  TJ  V  ;  therefore  S  and  V  are  at  the 
intersection  of  Q  S  and  H  V.  Then  S  U  drawn  parallel  to  the 
bar  S  U  completes  the  Stress  Diagram,  Fig.  446. 

The  lengths  of  S  TJ  and  TJ  V,  give  the  stresses  in  the  Queen 
Bods  S  TJ  and  TJ  V,  on  the  assumption  that  the  yieldingness  of 
the  rafters  is  infinitely  large.  But,  the  rafters  have  the  same 
yieldingness  as  the  tie-beam  and  therefore  only  half  of  the  dis- 
torting forces  will  pass  to  the  tie-beam.  This  means,  that  the 
pull  in  the  Queen  Kod  M  O  and  the  push  in  the  Queen  Rod  O  P, 
are  equal  to  one-half  of  S  TJ  and  TJ  V  respectively. 


Fio.  44a.— Frame  Diagram.  Fio.  446.— Stress  Diagram. 

Frame  Carrying  Distorting  Forges  only. 

In  the  Stress  Diagram,  Fig.  436,  H  Px  and  0  Mlf  are  drawn 
parallel  to  H  P  and  0  M  of  Fig.  43a  until  they  intersect.  M10 
is  drawn  parallel  to  M  O  and  A  X  is  a  horizontal  line  through  A. 
On  the  line  MjO  mark  off  two  points  O  and  M,  where  O  is  as 
much  above  A  A.  as  M  is  below  it  and  the  distance  M  O  is  equal 
to  one-half  of  S  TJ.  This  fixes  the  points  M,  O  and  P  of  the 
Stress  Diagram,  because  P  coincides  with  M. 

Now,  draw  D  Nt  and  F  Nx  parallel  to  the  bars  D  N  and  F  N 
until  they  intersect  at  Nr  Through  N,  draw  NXN  parallel  to  MxO. 
Then  draw  O  N  parallel  to  the  bar  O  N,  and  we  shall  have  found 
all  the  points  in  the  Stress  Diagram,  Fig.  436.  On  joining  C  with 
M  ;  H  with  P ;  D  with  N  ;  F  with  N  ;  O  with  A ;  M  with  A ; 
and  P  with  A  we  finish  the  Stress  Diagram.  The  dotted  lines 
represent  the  Stress  Diagram  when  the  yieldingness  of  the 
rafters  is  less  than  that  of  the  tie-beam. 

Divide  S  TJ  into  two  parts,  having  the  ratio  to  each  other 
that  the  yieldingness  of  the  rafter  bears  to  the  yieldingness  of 
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the  tie-beam.  Then  02  M2  will  have  the  smaller  length  as  its 
value,  if  the  yieldingness  of  the  rafter  is  the  smaller;  and 
02  M-  will  have  the  larger  length  of  S  U  if  the  yieldingness  of 
the  tie-beam  is  the  smaller.  For  example,  let  the  tie-beam  be 
twice  as  yielding  as  the  rafter.  Then  divide  S  U  in  the  propor- 
tion of  2  to  1 — i.e.,  into  three  equal  parts — and  make  02  M2  equal 
to  one  of  the  three  parts;  keeping  in  mind,  that  02  is  as  much 
above  A  X  as  M2  is  below  it 
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Leoturk  XX VL—  Questions. 

1.  Explain  and  prove  the  rule  for  obtaining  the  resultant  of  the  stresses 
in  all  the  ban  of  a  frame  crossing  any  given  section.  In  Fig.  37a  what  is 
the  resultant  of  the  stresses  in  the  bars  A  P,  P  K,  and  also  in  the  bars 
AM,  MN,  andNF? 

2.  The  dimensions  of  an  iron  king  post  truss  for  a  roof  are : — Span,  20 
feet ;  height,  7  feet ;  distance  between  trusses,  8  feet.  The  roof  weighs  12 
lbs.  per  square  foot     Find  the  stresses  in  each  part. 

3.  In  the  above  question  find  the  stresses  when  the  wind  causes  a  pres- 
sure of  30  lbs.  per  square  foot  on  one  slope. 

4.  Explain  the  differences  caused  in  the  stresses  by  the  different  methods 
of  completing  a  queen  post  frame.  Mention  some  of  the  advantages  and 
disadvantages  of  each. 

5.  A  queen  post  roof  has  a  span  of  30  feet,  and  is  10  feet  high.  The  roof 
weighs  10  lbs.  per  square  foot,  and  the  principals  are  10  feet  apart.  Find 
the  several  stresses  if  the  rafters  and  tie-beam  are  continuous. 

6.  If  there  is  a  wind  pressure  of  25  lbs.  per  square  foot  on  the  roof  in 
Question  5,  find  the  stresses  in  the  bars. 
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Lectures  XXV.  and  XXVI. 

A.M. Inst. C.E.  Exam.  Questions. 

1.  Give  a  reciprocal  diagram  of  the  stresses  in  the  bars  of  the  roof  shown 

in  the  sketch,  loaded  with  2  tons 
at  each  joint  of  the  rafters. 

(I.C.E.,  Oct.,  1897.) 
2.  Show  how  to  find,  graphic- 
ally or  otherwise,  the  loads  borne 
by  the  supports  of  a  roof  when 
the  weights  and  wind  forces  are  specified.    Give  an  example. 

(I.C.E.,  Oct.,  1897). 
3.  Draw  a  diagram  of  stresses  for  the  roof  frame  shown  in  the  fig. ,  when 

carrying  a  vertical  load  of  2,000  lbs. 
at  each  of  the  joints  b,  c,  d,  and  e, 
and  1,000  lbs.  at  a  and  /,  and  a 
uniformly  distributed  normal  wind- 
pressure  on  the  left  side  6,000  lbs. — 
assuming  all  the  joints  to  be  flexible. 
Show  for  each  bar  whether  the  stress 
is  push  or  pull.  (I.C.E.,  Feb.,  1898.) 
4.  In  the  "queen  "  truss  used  for 
iron  roofs  of  large  span,  the  straight 
rafters  and  horizontal  tie-rod  are  connected  by  a  triangulation  of  equi- 
distant vertical  suspending  rods  and  diagonal  struts ;  find  the  stress  on 
each  member  of  the  truss  when  the  load  on  the  roof  is  uniformly 
distributed.      (I.C.E.,  Oct.,  1899.) 

5  Sketch  the  common  king-post  truss  employed  in  roofs  of  small  span, 
and  explain  how  the  stress  on  each  member  is  calculated  so  far  as  is  due 
to  roofing  material  of  given  weight  per  square  foot.    (I.C.E.,  Feb.,  1900.) 

6.  Describe  the  action  of  wind-pressure  on  a  roof.  In  the  last  question, 
assuming  the  upward  reaction  of  one  of  the  walls  on  which  the  roof  rests 
to  be  vertical,  find  the  stress  on  each  member  due  to  wind-pressure  of 
known  amount.     (I.G.E.,  Feb.,  1900.) 

7.  In  a  bowstring  bridge  the  platform  is  suspended  by  vertical  sus- 
pending rods,  without  diagonal  bracing,  from  a  pair  of  parabolic  arched 
ribs  which  may  be  assumed  to  be  jointed  at  crown  and  springing.  Describe 
the  straining  actions  produced  in  the  ribs  by  a  load  at  the  centre  of  the 
bridge  aod  calculate  their  maximum  values.  Explain  the  object  of  the 
diagonal  bracing  introduced  in  practice.     (I.C.E.,  Feb.,  1900.) 

8.  A  load  of  i200  lbs.  hangs  suspended  at  a  point,  8,  by  a  pair  of  ropes, 
B  A  and  B  G,  to  the  two  points  of  attachment,  A  and  C,  on  the  underside 
of  a  sloping  rafter.  The  ropes,  B  A  and  B  G,  are  each  1 6  feet  long,  and 
the  rope,  B  A,  is  horizontal,  while  the  point,  G,  is  8  feet  higher  (measured 
vertically)  than  the  points,  A  and  B.  Find  the  direct  pull  in  each  of  the 
ropes,  B  A  and  B C.     (I.C.E.,  Oct.,  1900. ) 

9.  Show  with  the  help  of  an  example  how  you  would  proceed  to  deter- 
mine the  stresses  in  the  members  of  a  simple  roof-truss,  produced  by  a 
given  horizontal  wind-pressure,  and  also  the  reactions  on  the  points  of 
support  (the  horizontal  reaction  is  supplied  by  the  right-hand  wail). 

(L0.E.,  Oct.,  1901.) 
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10.  If  you  were  supplied,  for  a  given  roof-truss,  with  a  table  of  the 
maximum  stresses  due  to  the  dead  load,  and  also  those  due  to  the  wind- 
pressure,  how  would  you  proceed  to  select  the  working  stresses  per  square 
inch  which  it  would  be  safe  to  allow  in  each  bar  ?  Explain  fully  the 
reasons  for  any  method  you  adopt.     (I.C.E.,  Oct.,  1001.) 
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Contents.— Wharf  Crane — Example  I.— Common  Jib  Crane — Balanced 
Jib  Crane — Derrick  or  Scotch  Crane— Foundry  Crane— Sheer  Legs — 
Example  II.  —  130-Ton  Steam  Crane— Tables  of  Dimensions  and 
Weights  of  130-Ton  Crane— Example  III.— Questions. 

Wharf  Crane. — Suppose,  as  in  Fig.  la,  that  a  single  movable 
pulley  carries  the  load  W.  Then,  neglecting  friction,  the  pull 
throughout  the  chain  will  be  one  half  of  W.  Again,  assume 
that  the  pull  of  the  chain  acts  at  the  centre  of  the  pulley  or 
barrel  round  which  it  may  be  passing.  In  the  Frame  Diagram, 
Fig.  la,  the  external  forces  acting  on  the  frame  are  all  duly 
indicated.  At  the  Jib  end,  there  are  two  forces — viz.,  the 
pull  of  gravity  D  E,  on  the  supported  mass,  acting  vertically 
downwards  and  the  force  CD,  due  to  the  pull  in  the  chain 
which  is  assumed  to  be  parallel  to  the  tie-rod  CH.  At  the 
top  end  of  the  vertical  post,  there  are  the  forces  B  C  and  A  B 

acting  as  shown,  which  are 
both  due  to  the  pull  in  the 
chain  on  the  pulley  at  the 
post  head.  There  is  also  a 
force  acting  at  the  centre  of 
the  barrel  along  the  crane 


Fio. 


la. —Frame  Diagram.  Fig.  lb.—  Stress  Diagram. 

Whajf  Crane. 


post.  This  force  must  be  transferred  to  the  footstep  as  shown 
and  is  called  E  F  in  the  diagram.  There  is  also  a  pressure 
transmitted  by  the  sole  plate  to  the  vertical  post.    This  pressure  is 
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assumed  to  have  its  line  of  action  horizontal  and  is  lettered  G  A. 
Finally,  we  have  the  action  of  the  footstep  on  the  lower  end  of 
the  vertical  post. 

The  three  forces  DE,  PG  and  G  A,  must  form  a  system  in 
equilibrium.  Therefore,  since  the  lines  of  action  of  D  E  and 
G  A  are  known,  if  we  produce  them  to  meet  in  O,  then  the  line 
of  action  of  F  G  is  known  because  it  must  also  pass  through  O. 

The  Stress  Diagram,  Fig.  16,  may  now  be  drawn.  Draw 
the  line  of  loads  A  B,  BO,  CD,  D  E,  and  EF.  Now,  draw 
F  G  parallel  to  the  line  of  action  of  the  force  F  G  and  A  G 
parallel  to  the  line  of  action  of  the  force  A  G.  These 
close  the  External  Force  Polygon.  Then  if  C  H  and  E  H 
be  drawn  parallel  to  the  bars  0  H  and  E  H 
respectively  they  fix  the  point  H.  The  line 
joining  the  point  A  with  the  point  H  is  the 
finishing  line  of  the  Stress  Diagram.  This  line 
is  not  parallel  to  the  bar  A  H  because  the  bar 
A  H  is  subject  to  bending. 

In  Fig.  2,  we  have  a  representation  of  the 
forces  acting  on  the  vertical  post ;  from  which, 
we  can  determine  the  bending,  tension,  and 
compression  stresses  in  the  crane  post. 

The  lengths  of  the  lines  C  H  and  E  H  in  the 
Stress  Diagram,  Fig.  16,  give  the  stresses  in  the 
tie-rod  and  jib  respectively.  The  horizontal 
component  of  G  F  gives  the  shear  on  the  bolts 
of  the  footstep  and  G  A  the  shear  on  the  bolts 
of  the  sole  plate. 

Example  1. — In  a  wharf  crane  the  post,  tie-  Fio.  2.— Foboks 
rod,  and  jib  measure  15,  20,  and  30  feet  respec-      Acting  on 
tively,  what  would  be  the  nature  and  amount      ™c5um!" 
of  the  stresses  in  each  of  the  three  members 
when  a  load  of  7  tons  is  suspended  over  the  pulley  at  the  jib 
head,  (1)  when  the  lifting  chain  passes  from  the  pulley  to  the 
drum  or  barrel  parallel  with  the  jib,  (2)  when  the  drum  is 
placed  so  that  the  chain  passes  from  the  jib  head  parallel  with 
the  tie-rod?    (S.  and  A.  Exam.,  1890.) 

Answer. —  First,  draw  to  scale  a  Frame  Diagram  ABO,  as 
shown.  This  will  be  coincident  with  the  centre  lines  of  the 
different  members  of  the  crane. 

Case  (1). — Here  the  lifting  chain  passes  from  the  pulley  at  the 
jib  head  parallel  to  the  jib,  and,  neglecting  the  friction  of  the 
pulley,  we  shall  have  two  equal  external  forces  at  the  joint  O 
due  to  the  tension  in  the  two  parts  of  the  chain. 

In  order  to  draw  the  Stress  Diagram,  we  may  first  proceed  to 
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determine  the  resultant  of  these  two  forces  and  consider  it  as  a 
single  external  force  applied  to  the  joint  C,  and  then  draw  the 
triangle  of  forces.  Or  we  may  at  once  draw  the  polygon  of 
forces  for  the  joint.  Thus,  draw  bd  to  represent  the  load  of  7 
toi  s,  and  da  equal  to  bd,  and  parallel  to  0  A,  to  represent  the 
tension  in  that  part  of  the  chain  over  the  pulley ;  then  drawing 
ac  and  be  respectively  parallel  to  A  0  and  £  C,  we  determine 
the  point  c,  and  therefore  the  magnitude  of  the  stresses  in  the 
jib  and  tie-rods.  These  will  evidently  be  compression  and  ten- 
sion respectively.  If  we  join  ba  we  obtain  the  resultant 
external  force  at  the  jib  head,  and  b  a  c  will  be  the  triangle  of 
forces  determining  the  same  stresses  as  above. 

The  nature  and  amount  of  the  stress  in  the  post  will  depend 
on  the  mode  of  fixing  it.  It  is  evident  that  the  pull  b  c  in  the 
tie-rods  may  be  resolved  into  a  vertical  component  b  e,  producing 
tension  in  the  post,  while  the  horizontal  component  e  c  repre- 
sents the  force  tending  to  bend  the  post  round  A. 

Case  (2). — Here  the  chain  passes  from  the  pulley  parallel  to 
the  tie-rods.  We  proceed  as  before,  and  draw  b  d  to  represent 
the  pull  in  the  part  of  the  chain  above  the  pulley,  and  d  a  the 
pull  in  the  vertical  part  of  it,  then  a  c  and  b  c  drawn  parallel  to 
A  0  and  B  C  respectively,  determine  the  point  c,  and  represent 
the  stresses  in  the  jib  and  tie-rod.  Again  joining  b  a,  we  see 
that  this  represents  the  resultant  external  force  at  the  pulley. 
The  remainder  of  the  diagram  is  the  f-ame  as  in  Case  (1). 

The  magnitudes  of  the  different  stresses  are  shown  on  the 
diagrams,  and  enable  us  to  compare  the  relative  merits  of  the 
two  arrangements.  Thus,  if  we  suppose  the  load  to  be  sus- 
pended from  the  end  of  the  jib  without  the  intervention  of  a 
pulley,  we  get  bd c  in  Case  (I),  or  dac  in  Case  (2)  as  the  corre- 
sponding Stress  Diagram.  The  effect  of  introducing  the  chain 
and  pulley  is  in  Case  (1)  to  increase  the  thrust  in  the  jib  by  7 
tons — i.e.%  the  pull  in  the  chain— without  affecting  the  pull  in 
the  tie-rods,  while  in  Case  (2)  the  effect  is  to  diminish  the  pull 
in  the  tie-rods  by  the  same  amount — 7  tons — without  increasing 
the  thrust  in  the  jib.  Thus,  other  things  being  equal,  Case  (2) 
is  the  better  arrangement. 

Common  Jib  Crane. — In  the  common  Jib  Crane  represented 
in  Fig.  3,  the  movable  pulley  has  one  sheave,  and  the  chain 
passes  direct  to  the  barrel  from  the  Jib  head.  The  barrel  is 
curried  by  the  cast-iron  framing.  There  are  two  tie-rods  in- 
clined at  an  angle  d  degrees  to  the  centre  line  of  the  crane  as 
shown  by  the  plan  of  the  tie-rods.  We  assume  the  cast-iron 
frame  to  be  freely  jointed  where  the  tie-rods  and  the  jib  meet 
it,  and  also  where  the  horizontal  part  meets  the  upright  post. 

H 
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The  forces  acting  on  the  frame  of  the  crane  are  indicated  in 
Fig.  4a.  At  the  Jib-head  there  are  the  two  forces  W  and  i  W. 
At  the  point  in  the  bar  G  H,  representing  the  centre  of  the 
barrel,  there  is  a  force  £  W,  indicated  by  the  dotted  line  and 
arrow  head.     The  lines  of  action  of  the  dotted  force  and  the 


Fig.  3.*— Outline  Diagram  of  Common  Jib  Obakx. 


force  B  C  are  coincident.     They  He  along  the  line  joining  the 
centre  of  the  Jib-head  pulley  and  the  chain  barrel. 

We   have  here  an  example  of  a  force  acting  at  a  point  in  a 
bar.     The  force  acting  at  a  point  in  the  bar  G  H  as  represented 

*  The  Plan  of  the  Tie- Rods  of  this  crane  has  been  drawn  to  a  larger  scale 
than  the  crane  itself. 
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by  the  chain  dotted  line,  is  replaced  by  the  two  equivalent 
parallel  forces  D  E  and  A  B  applied  as  shown.  Their  magni- 
tudes will  be  inversely  as  the  lengths  into  which  the  bar  G  H  is 
divided  while  the  sum  of  their  magnitudes  is  £  W. 

Before  beginning  the  Stress  Diagram,  we  must  first  determine 
the  values  of  A  B  and  DE.  Lay  down  a  line  to  measure  £  W 
and  divide  this  line  in  the  same  proportion  as  the  bar  G  H  is 
divided  by  the  line  of  action  of  the  dotted  force.  Then,  these 
two  parts  will  measure  to  the  same  scale  as  the  whole  line,  the 
respective  values  of  the  forces  A  B  and  D  E.  The  greater  force 
is  placed  at  the  end  of  the  shorter  division  of  G  H. 

As  in  the  last  crane,  the  pull 
of  gravity  C  D  on  the  supported 
mass,  the  pressure  of  the  sole- 
plate  E  P  on  the  upright  and  the 
reaction  of  the  footstep  PA  on 
the  upright,  are  in  equilibrium 
and  therefore  their  lines  of  action 
all   pass  through   one  point   O. 


Fig.  4a.— Frame  Diagram.  Fig.  46.— Stress  Diagram. 

Common  Jib  Crane. 

The  line  of  action  of  E  F  is  assumed  to  be  horizontal  and  the 
line  of  action  of  C  D  to  be  vertical.  In  the  Stress  Diagram,  Pig. 
4b ,  we  first  draw  A  B,  then  B  C,  C  D,  and  D  E.  This  completes 
the  line  of  loads.  Now,  from  E  draw  E  F  parallel  to  the  line  of 
action  of  the  pressure  E  F  ;  and,  from  A  draw  A  P  parallel  to 
the  line  of  action  of  the  reaction  A  F.  These  two  lines  deter- 
mine the  point  F  and  complete  the  External  Force  Polygon. 
Then,  draw  B  H  and  D  H  parallel  to  the  tie-rod  B  H  and  the 
jib  D  H  respectively.  These  fix  the  point  H.  Draw  H  G  and 
E  G  parallel  to  the  bars  H  G  and  E  G.  This  fixes  the  point  G. 
On  joining  C  with  G  the  Stress  Diagram  is  completed. 

BH  in  Fig.  46  represents  the  stress  on  the  tie-rod,  on  the 
assumption  that  there  is  only  one  tie-rod  lying  along  the  centre 
line  of  the  crane.     We  require,  therefore,  to  resolve  this  stress 
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into  two  components,  one  along  each  tie-rod.  This  is  done  in  the 
Stress  Diagram  by  drawing  from  H  and  from  B  lines  H  M  and 
B  M  each  making  an  angle  with  B  H  of  0  degrees.  Then  the 
lengths  of  H  M  and  B  M  measure  to  scale  the  stresses  in  the 
tie-rods. 

Balanced  Jib  Crane. — The  balance  weight  B  W  acting  at  G,  is 
usually  mounted  on  rollers  in  order  that  it  may  be  moved  nc  arer 
to  the  central  post  A  when  the  load  W  is  reduced.  In  this  way 
the  moments  of  the  load  and  balance  weight  may  be  kept  in 
equilibrium  and  thus  prevent  any  undue  bending  action  on  the 


BW 


Balanced  Jib  Crake. 


post  at  A.     We  may  here  remark  that  the  balance  weight  BW 
at  G  and  the  load  W  at  C  are  not  necessarily  equal. 

A  single  movable  pulley  carries  the  load  W  and  therefore  the 
tension  throughout  the  chain  is  \  W.  We  assume  that  bars 
join  B  with  D  ;  D  with  A  ;  A  with  B  ;  and  A  with  H.  These 
are  all  indicated  in  the  Frame  Diagram  of  Fig.  5.  The  line 
joining  the  centre  of  the  pulley  C  with  the  centre  of  the  chain 
barrel  E  is  considered  as  the  line  of  action  of  the  stress  in  the 
chain.     From  the  plan  it  will  be  seen  that  there  are  two  tie-rods 
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inclined  to  each  other;   these  rods  are  often  made  continuous 
from  C  to  H. 

The  load  of  i  W  acting  on  the  bar  F  G,  Fig.  6a,  is  divided  as 
explained  in  the  previous  example  into  forces  B  0  and  K  A.  If 
W  is  known,  we  can  find  on  completing  the  Stress  Diagram,  the 
magnitude  of  the  balance  weight  AB  required  to  balance  the 
moment  of  the  lojd  W  about  the  joint  FGEKA.  Or,  if  the 
balance  weight  be  moved  nearer  the  crane  post  we  can  find  what 
weight  may  be  placed  in  the  crane  hook. 

A       ^ ' 


Fig.  6a.-  Frame  Diagram.  Fig.  66.— Stress  Diagram. 

Balanced  Jib  Crane. 

We  begin  the  Stress  Diagram,  Fig  66,  with  the  line  B  C, 
then  C  D,  and  D  E.  We  next  find  the  point  H,  then,  G,  F,  A, 
and  finally  K. 

The  actual  stress  in  the  tie-rods  is  found,  by  drawing  H  M 
and  CM  at  an  angle  with  H  C,  equal  to  half  of  the  real  angle 
between  the  tie-rods,  as  previously  explained.  From  F  and  B 
draw  F  P  and  B  P  inclined  to  F  B  at  half  the  angle  between  the 
parts  of  the  tie-rods  carrying  the  balance  weight.  If  the  tie-rods 
are  continuous,  then  H  M  and  F  P  are  parallel. 

Derrick  or  Scotch  Crane.* — In  Fig.  7,  AB  is  the  central 
upright  post,  capable  of  turning  round 
A  and  B.  B  0  is  the  jib  and  A  C  the 
tie-rod,  which  is  usually  a  chain  for 
raising  or  lowering  the  jib.  The  ver- 
tical post  A  B  is  kept  upright  by  the 
back  stays  A  E  and  A  Er  These 
stiys  are  sometimes  anchored  to  the 
ground,  but  are  generally  attached  to 
the  bars  B  E  and  B  Er  Boards  are 
placed  over  these  bars  and  stones  or  pig 
iron  are  placed  thereon  to  act  as  counter- 
weight to  the  load  W.     This  crane  is  similar  to  that  in  Fig.  5,  in 


Fig.  7.—  Derrick  Crane. 


*  See  figure  at  end  of  this  Lecture. 
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that  back  balance  weights  are  used.  The  weights  in  Fig.  7  are, 
however,  not  required  to  be  made  movable  in  order  to  pro- 
duce a  moment  round  B  equal  and  opposite  to  the  moment 
of  W  round  the  same  point.  This  is  due  to  the  fact,  that 
the  under  sides  of  the  bars  B  E  and  B  Ej  rest  upon  the  ground, 
and,  therefore,  no  matter  how  much  the  moments  of  the  La  lance 
weights  round  B  may  exceed  the  moment  of  the  load,  there  is 
no  bending  stress  produced  on  the  pivot  at  B. 

The  chain  carrying  the  load  W  is  usually  parallel  to  the 
tie-rod  A  C.  It  then  passes  round  a  pulley  at  A  and  down  to 
the  barrel  on  the  upright  post. 

By  reference  to  the  Stress  Diagrams,  Figs.  16  and  66,  the 
Stress  Diagram  for  Fig.  7  may  be  drawn.  When  the  plane  of 
the  triangle  A  B  C  in  Fig.  7,  coincides  with  the  plane  of  the 
triangle  ABE,  the  stress  in  A  E  will  be  a  maximum,  the 
stress  in  A  Ex  will  be  theoretically  zero,  and  the  weight  required 
at  E  may  then  be  found.  Similar  considerations  will  give  the 
stress  in  A  Ex  and  the  weight  required  at  Ex. 

Let  the  plane  of  the  triangle  ABO  now  occupy  any  inter- 
mediate position  between  the  planes  of  the  triangles  ABE  and 
A  B  Er  Then  the  stresses  in  A  E  and  A  Elf  may  be  found  by 
producing  the  plane  of  the  triangle  A  B  C  to  intersect  the  planes 
A  Ex  E  and  Ex  B  E  in  A  D  and  B  D.  Now  proceed  to  find  the 
stress  in  A  D  as  if  D  were  anchored  to  the  ground,  then  resolve 
this  stress  along  the  stays  A  E  and  A  Ex,  as  explained  for  the 
inclined  tie-rods  of  the  two  previous  examples.  The  angle 
Ej  B  E  is  usually  a  right  angle. 

Foundry  Crane. — The  Frame  Diagram,  Fig.  8a,  illustrates  the 
arrangement  of  the  parts  of  this  type  of  crane.  The  pulley 
carrying  the  load  W  is  attached  to  a  small  bogie  running 
between  two  parallel  horizontal  beams.  The  external  forces 
acting  on  the  crane  are  F  G,  G  A,  A  B,  C  D,  E  F  (each  equal  to 
W),  B  0,  and  D  E.  The  external  force  A  B  balances  E  F,  and 
0  D  balances  G  A,  therefore  the  remaining  external  forces  B  0, 
D  E,  and  F  G  form  a  system  in  equilibrium.  Their  lines  of 
action  will  pass  through  one  point  O,  and  their  magnitudes  may 
be  determined  by  the  triangle  of  forces.  These  results  may  be 
made  use  of  in  drawing  the  Stress  Diagram,  Fig.  86.  Commence 
by  drawing  E  F,  F  G,  G  A,  and  A  B  all  equal  in  magnitude  to 
W,  and  parallel  to  their  respective  lines  of  action.  If  we  draw 
B  C  parallel  to  the  line  of  action  of  the  force  B  C,  so  as  to  inter- 
sect the  line  through  E  parallel  to  the  line  of  action  of  the  forces 
C  D  and  D  E  in  the  point  C,  then  by  marking  off  0  D  equal  to 
W  we  complete  the  external  force  polygon. 

The  stress  in  A  H  will  be  unaffected  by  raising  or  lowering 
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either  the  footstep  or  the  bearing  at  the  top,  so  long  as  the  line 
of  action  of  the  load  and  the  position  of  the  joints  1,  2,  and  3 
remain  unchanged     Let  us  suppose  that  the  footstep  coincides 


Fig.  8a.— Frame  Diagram.  Fig.  86.— Stress  Diagram. 

Foundry  Crane. 

with  the  point  1,  and  the  bearing  at  the  top  with  the  point  3, 
then  the  line  of  action  of  the  stress  in  OH  will  be  along  the 

***  * 


X 


I. 


Fio.  10.— Forces  Acting  on  Jib 
with  Pulley  at  Point  4  on  Fig.  8a. 


\7 


2 


j< 


•/h         y* 

Fig.  11.— Forces  Acting  on  Jib 

in  Fig.  8a  with  Pullet 

at  End  of  same. 


Fig.  9.— Forces  Acting  on 
Upright  of  Foundry 
Crane. 

centre  line  of  the  bar  C  H,  while  the  line  of  action  of  the  foot- 
step reaction  B  Cx  will  pass  through  the  point  1  and  the  centre 
of  the  pulley  carrying  the  load. 
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In  the  Stress  Diagram,  Fig.  86,  draw  B  Cx  through  the  point 
B  parallel  to  the  line  joining  the  point  1  with  the  centre  of  the 
pulley  carrying  the  load,  so  as  to  cut  the  line  C  D  in  the  point 
C^ ;  then  by  drawing  C1  H  and  A  H  parallel  to  the  bars  C  H 
and  A  H  respectively,  we  determine  the  point  H.  Finally,  C 
joined  with  H  finishes  the  Stress  Diagram.  When  the  pulley 
carrying  the  load  occupies  the  position  represented  by  the  point 
4,  then  CL  D2,  and  H2  (found  in  a  similar  manner)  are  the 
corresponding  points  in  the  Stress  Diagram. 

Fig.  9  represents  the  forces  acting  on  the   upright,  which 


12.— Russell's  Patent  Sheer  Legs. 


produce  bending,  tension,  and  compressive  stresses,  for  the  case 
when  the  movable  pulley  is  at  the  end  of  the  horizontal  jib. 

In  Figs.  10  and  11,  if  the  maximum  bending  moment  in  each 
case  be  the  same,  then  the  point  2  in  Fig.  8a  has  been  so  chosen, 
as  to  make  the  bending  moment  on  the  horizontal  jib  have  its 
least  value  whilst  the  pulley  carrying  the  load  passes  from  one 
end  of  the  jib  to  the  other.  (See  Ques.  41  of  Hons.  S.  <fc  A. 
Exam,  in  Machine  Constn.,  1890.) 

Sheer  Legs. — A  common  appliance  for  lifting  engines  and 
boilers  into  ships  is  the  sheer  legs  or  sheers.     The  illustration 
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shows  one  that  has  been  erected  at  West  Hartlepool  by  Messrs. 
George  Kussell  &  Go.,  of  Motherwell,  for  a  load  of  80  tons  over- 
hung 38  feet  6  inches.  It  consists  of  two  tubular  front  legs, 
each  105  feet  long,  swinging  upon  pins  at  their  lower  ends, 
and  connected  together  at  the  top,  which  is  supported  by  a 
hollow  stay  or  back  leg.  This  stay  is  fixed  to  the  gunmetal  nut 
of  a  forged  steel  screw,  which  rotates  inside  the  back  leg.  The 
screw  is  anchored  at  its  lower  end,  and  can  be  rotated  by  a 
hydraulic  engine.  As  the  screw  revolves  one  way  or  the  other, 
the  back  leg  is  shortened  or  lengthened,  and  the  top  is  moved  in 
or  out,  as  shown  on  Fig.  13.  The  total  horizontal  travel  thus 
given  to  the  load  is 
50  feet. 

Chains  worked  by 
a  pair  of  hydraulic 
engines  are  used  for 
lifting,  and  there  are 
separate  chains  for 
light  and  heavy  loads. 
The  latter  chain  ope- 
rates a  six-purchase 
pulley  block. 

In  Fig.  l^AjBis 
the  line  of  the  front 
legs  hinged  at  B,  and 
Aj  G  that  of  the  back 
leg.  The  top  can 
move  between  A1  and 
As  by  altering  the 
length  of  A  C.  The 
vertical  Al  D  repre- 
sents the  load  on 
the  sheers  (80  tons), 
and  Ax  E  the  ten- 
sion in  the  chain, 
(£  of  80  or  13J-tons  since  there  are  six  chains  supporting  the 
load).  Draw  E  F  parallel  to  Ax  D,  and  D  F  parallel  to  Ax  E.  Then 
Ax  F  is  the  resultant  force  to  be  balanced  by  the  stresses  in  the 
legs  Aj  B,  Aj  C.  Draw  F  G  parallel  to  Ax  C,  and  meeting  Ax  B 
produced,  if  necessary,  in  G.  Then  Aj  G  (160  tons)  is  the  com- 
pression transmitted  to  the  front  legs,  and  F  G  (76  tons)  the 
tension  in  the  back  leg.  As  the  two  front  legs  are  not  parallel, 
we  must,  in  order  to  determine  the  actual  stress  in  each,  draw  a 
second  figure,  as  shown  at  the  right-hand  side.  Here  H  M  is 
equal  to  half  Ax  G,  and  KHM  and  L H  M  are  each  half  the 


Fig.  13.— Combination  of  Frame  and  Stress 
Diagrams  for  Fio.  12.  • 
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K  L  being  drawn  perpendicular 
H  L  (82  tons)  as  the  compression 


angle  between  the  front  legs. 
to  H  M,  we  ob  ain  H  K  and 
in  each  leg. 

Example  II. — The  foot  of  a  uniform  derrick  pole  of  weight 
2  cwts.  rests  on  the  ground,  and  the  pole  carries  a  weight  of 
1 J  tons  suspended  from  its  upper  extremity.  The  length  of  the 
pole  is  20  feet,  and  it  is  kept  in  position  by  a  guy  rope  fastened 
to  the  ground  10  feet  to  the  rear  of  the  foot  of  the  pole  and 
25  feet  in  length.  Find  by  construction  or  otherwise  the  tension 
of  the  guy  rope.  AK8WKE.-In 

the  figure,  LH 
is  the  derrick 
and  K  H  the  guy 
rope.  The  weight 
of  the  derrick  acts 
at  its  centre,  and 
may  be  replaced 
by  1  cwt  at  each 
end,  so  that  the 
total  load  in  the 
upper  end  may  be 
taken  as  31  cwts. 
This  is  the  force 
A  B  on  the  Frame 
Diagram.  For 
the  Stress  Dia- 
gram draw  A  B 
parallel  to  the 
force  A  B  and 
equal  to  31  units. 
Make  BC  parallel 
to  the  pole  and 
AC  to  the  guy 
rope.  Then,  A  0  is  the  tension  in  the  guy  rope  and  is  equal  to 
25  cwts.  and  B  C  (=  53  cwts.),  the  compression  in  the  pole. 

This  problem  could  have  been  solved  by  the  Principle  of 
Moments,  as  follows : — 

Let  T  be  the  Tension  in  the  guy  rope. 
„    w     „       Weight  of  the  pole. 
„    W     „       Weight  hung  from  pole. 

Drawing  LN  perpendicular  to  KH  and  taking  moments 
about  L  (in  the  first  figure),  we  have : — 


4 10ft. > 

Derrick  Polk. 
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Or, 


TxLN  =  WxLD  +  wxLE 

m     m    LD  LE     ,_     .     VLD 

TsWxln+wxln=(w+^)ln' 


From  Euclid  II.,  12,  we  have : — 
KH2  =  KL*  +  LH2  +  2KL.LD 


LD. 


K  H2  -  K  L"  -  L  H2     625  - 100-400 


2KL 


20 


-6-25  ft. 


Also,     L  N  x  K  H  =  twice  triangle  LKH-HDxKL 

Or,        L  N  x  K  H-^LH^-LD')  x  K  L 

10 


Or, 
Hence, 


LN=E^^LH2-LD2s 
LN-|s/36T  =  y-7-6ft. 


25 


V^00  -  39 


m     /QA     iv6'25     31x6-25     aK  K       . 
T=s(?0  +  l)Tf  =  —Y$ 25*5  cwte. 
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130-Ton  Steam  Crane  *  (see  Frontispiece).— As  an  example  of 
a  very  large  crane,  we  have  illustrated  in  the  frontispiece  to  this 
.volume  the  130-ton  steam  crane  erected  for  the  Clyde  Trustees 
at  Finnieston  Quay,  Glasgow,  by  Messrs.  Cowans,  Sheldon,  <fc  Co., 
Limited,  of  Carlisle.  A  similar  crane  has  also  been  put  up 
at  the  new  Cessnock  Dock,  Glasgow.  The  jib  of  this  crane  is 
made  up  of  two  steel  tubular  girders  braced  together  by  diagonal 
and  cross  stays.  The  tension  rods  have  been  sawn  out  of  solid 
steel  plates,  and  were  not  heated  during  their  manufacture. 
They  are  connected  to  the  jib  by  stays  at  intervals  along  their 
length.  The  foot  of  the  jib  is  at'  ached  to  one  of  the  bottom  corners 
of  a  large  vertical  triangular  frame,  and  the  tension  rods  to  the 
upper  corner,  while  the  back  one  supports  the  balance  weight 
which  is  placed  between  the  two  sides  of  the  main  framing. 
The  boilers  and  engines  are  also  placed  within  this  framing, 
which  is  covered  in  so  as  to  form  an  engine-house.  The  whole 
is  fixed  on  the  top  of  a  circular  base,  which  can  rotate  around  a 
large  central  pin,  and  rests  on  steel  rollers  running  on  a  steel 
path  way  on  the  top  of  the  foundation.  There  is  also  a  roller  bearing 
between  the  base  and  top  of  the  centre-pin.  The  foundation, 
which  is  square  in  plan,  is  of  concrete  with  granite  corners  and 
cope,  and  is  supported  on  twenty-two  concrete  cylinders  sunk 
into  the  sand.  The  centre  piece  of  the  crane  is  fixed  to  the 
foundation  by  six  steel  bolts  cottered  to  washer  plates  in  a 
tunnel  inside  the  foundation. 

There  are  two  separate  lifting  blocks,  the  one  for  heavy,  and 
the  other  for  light  weights.  Each  of  these  can  be  raised  or 
lowered  at  two  different  speeds.  Separate  engines  are  provided 
for  each  of  these  blocks,  and  for  rotating  the  crane.  All  three 
sets  of  engines  have  two  cylinders  with  cranks  at  right  angles, 
so  as  to  start  from  any  position.  Steel  wire  ropes  are  used  for 
hoisting  instead  of  chains.  The  heavy  weights  are  taken  on  an 
eight-purchase  pulley  block,  and  the  light  weights  on  a  double- 
purchase  pulley  block.  All  the  gearing,  up  to  24  inches  dia- 
meter, is  of  cast  steel,  and  the  remainder  of  a  mixture  of  cast- 
iron  and  steel.     Gun-metal  bushes  are  used  throughout. 

The  crane  is  provided  with  a  160-ton  Duckham  hydrostatic 
weighing  machine,  and  was  tested  by  loading  it  with  150  tons  of 
steel  rails.  Its  radius  of  action  is  65  feet,  and  the  total  lift  is 
100  feet. 

The  following  tables  show  some  of  the  leading  dimensions  and 
weights :  — 

*  For  a  complete  description  of  this  crane  see  Engineering,  June  9, 1803. 
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The  factors  of  safety  allowed  in  the  different  parts  are  : — 

Main  framing,  jib,  tension  rods,  Ac,    ...         6 

Wire  ropes, 8 

Centre  holding  down  bolts,  to  allow  for  rusting,  .       12 


Fig.  14.— Stress  Diagram  for  130-Ton  Crane.    (Test  Load,  150  Tons.) 

The  accompanying  figures  show  the  Stress  Diagram  for  the 
crane  when  loaded  with  150  tons,  or,  including  the  weight  of  the 
gin  block,  1 57  tons  in  all,  and  also  for  a  gross  load  of  7 1  tons. 
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Fig.  14  is  the  Stress  Diagram  as  worked  out  by  the  makers. 
Fig.  15a  represents  the  Frame  Diagram  and  Fig.  156  the  Stress 
Diagram  worked  out  for  the  Test  Load  as  we  have  treated  the 
previous  cranes — viz.,  all  in  one  figure. 

First,  find  the  values  of  the  Forces  0  E  and  A  B  in  Fig.  15a 
as  already  explained.  Then  begin  the  Stress  Diagram  with  the 
force  A  B  and  follow  with  the  forces  BO,  0  L),  D  E,  E  F  and 
FG.  Now  EL  and  G  L  fix  the  point  L;BH  and  CH  the 
point  H  ;  H  K  and  L  K  the  point  K ;  K  N  and  G  N  the  point 
N  ;  and  N  M  and  A  M  the  point  M. 


100  ton 


Fio.  15a—  Frame  Diagram.  Fig.  156.— Stress  Diagram. 

130-Ton  Crank  Worked  out  as  in  the  Previous  Examples. 

The  stress  E  L  is  borne  by  the  two  tie-rods  and  L  O  and  E  O 
represent  the  stresses  in  each  tie-rod.  The  stress  G  L  is  divided 
over  the  two  jibs,  consequently  LP  and  GP  represent  the 
stresses  in  each  jib,  as  already  explained. 

The  stress  A  M  is  divided  over  half  of  the  holding  down  bolts 
and  N  M  over  the  other  half.  The  point  about  which  the  crane 
tends  to  topple  over  is  the  joint  KLGN. 

Example  III. — A  tripod  whose  vertex  is  A,  and  whose  legs 
are  A  B,  AC,  AD,  of  lengths  8,  9,  and  10  feet  respectively, 
sustains  a  load  of  2  tons.  The  ends  B,  C,  D  form  a  triangle, 
whose   sides  are  BC«7  feet,  CD-=6  feet,  BD  =  8  feet,  find 


EXAMPLE   III. — STRESSES    TN   A   TRIPOD. 


225 


by  graphical  construction  the  compressive  stress  in  each  leg. 
(S.  and  A.  Exam.,  1889.) 

Answer. — Hitherto  we  have  dealt  only  with  forces  in  one  plane, 
or  symmetrical  with  respect  to  one  plane.  Thus,  in  the  case  of 
the  sheer  legs,  in  determining  the  compression  on  the  front  legs, 
we  first  found  what  would  be  the  compression  on  an  intermediate 
leg  in  the  same  plane  as  the  two  replaced,  and  equally  inclined 
to  both.  This  hypothetical  leg  would  be  in  a  vertical  plane 
containing  the  back  leg  and  the  externally  applied  force,  and 
evidently  the  stress  in  the  back  leg  would  not  be  affected  by 
the  substitution.     In  the  present  example  we  must  find  the 


Stresses  nr  a  Tripod. 

corresponding  intermediate  leg,  so  that  if  the  load  be  supported 
by  it  and  the  third  leg,  the  stress  in  the  latter  will  not  be 
altered.  It  will  be  in  a  vertical  plane  containing  the  third  leg, 
and  will  be  represented  by  the  line  of  intersection  of  this  plane 
with  that  of  the  other  two  legs,  hence  the  following  solution  : — 
Draw  BCD  the  triangle  formed  by  the  feet  of  the  tripod ;  to 
find  the  plan  of  the  vertex,  draw  the  triangle  D  0  A,,  making 
C  A1  and  D  Ax  equal  to  0  A  and  D  A  respectively.  Similarly, 
draw  the  triangle  A2CB;  then  AjA  drawn  perpendicular  to 
0  D,  and  Ag  A  drawn  perpendicular  to  C  B,  will  give  by  their 

15 
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intersection  the  plan  of  the  vertex  A,  and  we  may  now  com- 
plete the  plan.  The  vertical  plane  containing  the  leg  A  B  will 
cut  the  line  D  C  in  a  point  H  lying  on  the  line  B  A  produced  ; 


Tripod  for  Laying  Pipes. 


then  Ax  H  will  be  the  length  of  the  required  intermediate  leg. 
Draw  A  As  «t  right  angles  to  B  A  H,  and  make  H  A»  =  H  Ar 
Thus  we  get  A3H,  A3B,  and  the  applied  force  A8E  in  one 
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plane.  The  stress  in  the  leg  AB  will  be  rep  r<  sen  ted  by  A80, 
and  the  resultant  stress  in  the  legs  A  C  and  A  D — i.e.,  the  streso 
in  the  hypothetical  leg  AH  by  A  F.  Dividing  this  between 
the  actual  legs  by  the  triangle  of  forces  A2  M  K,  where  A1  K  = 
A  F,  we  get  the  stress  in  A  0  represented  by  •  K,  and  that  in 
AD  by  A j M.  The  resp  ctive  values  are  marked  on  the 
diagram. 

As  a  practical  example  of  the  use  of  a  tripod,  we  illustrate  a 
form  much  used — in  laying  water  and  other  mains — for  lowering 
large  pipes  into  position.  Two  of  the  legs  are  braced  together, 
and  carry  a  winch  which  may  be  used  in  conjunction  with  a 
block  and  tackle.  The  pipe  is  rolled  on  to  wooden  beams  laid 
across  the  drain,  and  the  tripod  then  placed  in  position  over 
it.  The  pipe  is  slightly  raised  by  means  of  the  winch,  and  the 
wooden  beams  removed,  when  the  pipe  may  be  lowered  with 
ease. 

We  also  illustrate  a  simple  hand  crane  as  used  by  contractors 
for  building,  &c  It  is  of  the  kind  discussed  in  connection  with 
Fig.  7. 


Uand  Dkk&iok  Crank. 
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Lecttjbe  XXVII.— Questions. 

1.  In  a  model  of  a  crane  the  jib  ia  34  feet  long,  the  tie-rod  is  3  feet  long, 
and  is  fastened  to  a  point  1  foot  vertically  above  the  lower  end  of  the  jib. 
What  is  the  thrust  on  the  jib  when  a  weight  of  20  lbs.  is  hung  at  the  upper 
end  of  it  ?    Am.  70  lbs. 

2.  In  a  wharf  crane  the  post,  tie-rod,  and  jib  measure  16,  20,  and  30  feet 
respectively,  what  would  be  the  nature  and  amount  of  the  stresses  in  each 
of  the  three  members  when  a  load  of  7  tons  is  suspended  over  the  pulley  at 
the  jib  head,  (1)  when  the  lifting  chain  passes  from  the  pulley  to  the  drum 
or  barrel  parallel  with  the  jib,  (2)  when  the  drum  is  placed  so  that  the 
chain  passes  from  the  jib  head  parallel  with  the  tie-rod  7 

3.  In  a  hydraulic  wharf  crane  the  height  of  the  post  is  6  feet,  the  jib  is 
22  feet,  and  the  tie-rod  is  18  feet ;  find  the  horizontal  thrust  on  the  ]>ost 
when  5  tons  are  supported.  In  what  way  is  the  friction  which  opposes  the 
8'ewing  motion  reduced  to  a  minimum?    An*.  12*24  tons. 

4.  Find,  either  graphically  or  otherwise,  the  stresses  on  the  jib  and  tie- 
bar  respectively  of  a  crane,  whose  jib  measures  20  feet  in  length,  when 
the  tie-bar  and  post  are  16  feet  and  6  feet  in  length  respectively,  and  a 
weight  of  25  cwts.  is  suspended  from  the  end  of  the  jib.  The  line  of 
direction  of  the  chain  after  leaving  the  barrel  or  drum  runs  parallel  to  the 
tie-bar.  Also  calculate  the  pressure  on  the  end  of  the  handle  of  16  inches 
radius  when  the  weight  is  lifted,  supposing  the  drum  of  the  crane  to  be  15 
iucheB  in  diameter,  and  the  gearing  to  consist  of  a  pinion  of  12  teeth,  gear- 
ing into  a  wheel  with  72  teeth,  while  a  second  pinion  of  18  teeth  gears  with 
a  wheel  of  56  teeth. 

5.  A  contractor's  portable  hand  crane  has  a  vertical  post  A  B,  to  which 
the  jib  A  C  is  inclined  at  45°,  and  the  tension  rod  B  C  makes  with  A  B  an 
angle  A  B  C  of  120°.  The  back  stay  from  the  head  of  the  post  B  to  the 
extremity  D  of  the  horizontal  strut  A  D  is  inclined  at  an  angle  of  45°  to 
A  D.  Find  the  weight  of  the  counterbalance  required  at  D  to  balance  a 
load  of  10  toDB  suspended  from  the  end  G  of  the  jib.  Determine  also  the 
nature  and  amount  of  the  stress  on  the  jib  A  C,  and  in  the  rods  BG  and 
BD?  (The  tension  in  the  chain  may  be  neglected.)  (S.  and  A.  Adv. 
Exam.,  1896.) 

6.  A  jib  foundry  crane  consists  of  a  vertical  post  A  B,  16  feet  long,  fitted 
with  pinB  working  in  sockets  at  both  A  and  B.  From  the  upper  end  A  of 
the  post  extends  a  horizontal  member  A  D,  28  feet  in  length,  and  from  the 
foot  B  is  a  strut  B  G,  which  meetB  A  D  at  a  point  16  feet  from  A.  A  load 
of  20  tons  being  suspended  from  D,  find  the  shearing  stress  on  the  pin  at 
A,  and  the  stress  along  the  strut  B  G. 

7  A  sheer-legs  is  formed  of  two  sheer-poles  B  C,  D  O,  each  25  feet  in 
length,  and  secured  to  a  base-plate  in  the  ground  at  B  and  D.  The  wire 
guy  or  tension  rope  A  C  is  attached  to  the  ground  at  a  point  A,  which  is  60 
feet  distant  from  BD.  The  perpendicular  from  the  top  C  of  the  poles 
meets  the  ground  at  a  distance  of  10  feet  from  the  centre  of  the  line  B  D, 
which  is  15  feet  long.  Find  by  measurement  or  otherwise  the  tension  in 
tons  on  the  guy  when  a  weight  of  20  tons  is  suspended.     Ans.  11*3  tons. 

8.  The  jib  of  a  10-ton  crane  is  inclined  at  45°  to  the  vertical,  and  the  tie 
rod  at  an  angle  of  60°.  Find  the  thrust  on  the  jib  and  the  pull  on  the  rod, 
the  tension  in  the  chain  being  neglected.  If  the  tension  in  the  chain  is  by 
means  of  tackle,  half  the  load  and  the  chain  barrel  is  so  placed  that  the 
direction  of  the  chain  bisects  the  crane  post,  find  the  forces  in  the  jib  and 
tie  rod.    Graphical  constructions  may  be  used.    (G.  &  G.,  1902,  H.,  Sec.  A.) 
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Lecture  XXVIL— A.M.Inst.C.E.  Exam.  Questions. 

1.  A  pair  of  sheer-legs  make  an  angle  of  20°  with  one  another  and  their 
plane  is  inclined  at  60°  to  the  horizontal.  The  back-stay  is  inclined  at 
30°  to  the  plane  of  the  legs.  Find  the  force  on  each  leg,  and  en  the  stay, 
per  ton  of  load  carried.     (I.C.E.,  Oct.,  1897.) 

2   A  set  of  shear  legs  consists  of  2  struts,  A  B  set  10  feet  apart  at  the 


20ft 


lower  ends  (B),  and  a  stay  rod  AC.     Determine  graphically  the  stresses 
in  the  strutts  and  in  the  tie  when  a  load  of  20  tons  hangs  from  A. 

(I.C.E.,  Feb.,  1898.) 
3.  A  weight  of  5  tons  hangs  upon  the  chain  of  the  bracket  or  crane  here 
sketched.     The  jib  B  C  has  an  inclination  of  30°  with  the  horizontal  tie- 
rod  AG;  so  that  if  BC  is  10  feet,  A B  is  5  feet,  and  AC  is  8*6  feet.    At 


C  the  chain  is  carried  over  a  frictionless  pulley,  and  led  down  parallel 
to  the  jib.     Find  the  stresses  in  the  members  A  C  and  B  C. 

(I.C.E.,  Feb.,  1899.) 

4.  A  load  is  suspended  from  a  pair  of  sheer  legs  supported  by  a  back 
leg,  the  foot  of  which  is  moved  by  a  horizontal  screw.  Show  by  diagrams 
the  stress  on  each  leg  when  the  load  overhangs  by  a  given  amount,  and 
find  the  resistance  overcome  by  the  screw  in  moving  the  legs. 

(I.C.E.,  Oct.,  1899.) 

5.  In  a  portable  orane  stability  is  obtained  by  a  counterweight  placed 
at  the  end  of  a  horizontal  piece  stayed  to  the  crane-post  in  the  usual  way. 
Show  by  diagrams  the  stress  on  each  part  of  the  structure,  and  the 
magnitude  of  the  counterweight  when  a  load  is  simply  suspended  from 
the  end  of  the  jib.    (I.C.E.,  Feb.,  1900.) 

6.  Explain  how  you  would  determine  graphically  whether  five  given 
coplanar  forces  acting  at  a  point  are  in  equilibrium  or  not.  In  a  portable 
erecting  shop  crane  the  height  of  the  crane  post  is  8  feet ;  angles  of  back 
stay  and  jib  with  crane  post,  each  45° ;  angle  of  front  stay  with  orane  post, 
1*20°.  Find,  by  graphical  means,  the  nature  and  magnitude  of  the  forces  in 
the  various  parts,  and  determine  the  necessary  amount  of  the  balance 
weight  applied  at  the  extremity  of  the  baok  stay  when  5  cwts.  are  being 
lifted.    (LC.E.,  Oct.,  1900.) 
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7.  In  a  wall-crane  the  jib  is  10  feet  long,  and  make*  an  angle  of  45°  with 
the  wall.  Determine  graphically  the  position  of  the  tie-rod,  so  that  the 
tension  in  it  may  be  a  minimum  for  a  given  load  on  the  crane.  Then, 
assuming  the  tie-rod  to  be  fixed  in  this  position,  determine  graphically 
(a)  the  stresses  in  the  tie  and  jib,  when  the  load  of  5  tons  is  suspended 
from  a  chain,  which  passes  over  a  pulley  at  the  junction  of  the  tie  and  jib 
to  some  point  on  the  wall,  so  that  it  bisects  the  angle  between  the  tie  and 
the  jib.  (ft)  How  those  stresses  are  affected  by  the  position  of  the  chain 
relative  to  the  tie  and  jib,  taking  as  extreme  positions,  (i.)  when  the  chain 
is  parallel  to  the  tie,  (ii.)  when  the  chain  is  parallel  to  the  jib.  (The 
diameter  of  the  pulley  may  be  neglected.)    (I.C.E.,  Oct.,  1901.) 

8.  A  weight  of  10  tons  is  suspended  from  a  tripod  of  eaual  legs  whose 
feet  rest  on  the  ground  in  an  equilateral  triangle  of  side  12  feet,  and  whose 
apex  is  25  feet  from  the  ground.     Calculate  the  stress  in  each  leg. 

(I.C.E.,  Oct.,  1902.) 

9.  A  crane  has  a  vertical  crane-post,  A  B,  8  feet  long,  and  a  horizontal 
tie,  B  C,  6  feet  long,  A  C  being  the  jib.  It  turns  in  bearings  at  A  and  B, 
and  the  chain  supporting  the  load  passes  over  pulleys  atC  and  A,  and  is 
then  led  away  at  30°  to  A  B.  Find  the  stresses  in  the  bars  and  thrusts  on 
the  bearings  when  lifting  1  ton  at  a  uniform  rate.     (I.C.E.,  Feb.,  1903.) 
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LECTURE  XXVIIL 

Contents.—  Reactions  on  a  Beam— First  Method— Resultant  of  the  LoadB 
on  a  Beam— Reactions  on  a  Beam — Second  Method— Fink  Truss— 
Trapezoidal  Truss  of  Three  Panels— Trapezoidal  Truss  of  Five  Panels 
— Example  I.— Warren  Girder — Linville  or  N  Girder — Lattice  Girder 
— Redundant  Frame— Five  Bay  Lattice  Girder— Lattice  Girder  loaded 
at  Top  Joints — Bending  Moment — Definition — Shearing  Force — Defini- 
tion—Cantilever Uniformly  Loaded — Examples  II.  and  III.— Centre 
of  Gravity  of  an  Area— Moment  of  Inertia  of  an  Area— Proof— Engine 
Mechanism — Questions. 

Reactions  on  a  Beam.— First  Method.— First  Case.— In  the 
Frame  Diagram,  Fig.  la,  we  have  a  beam  with  five  concentrated 
loads  upon  it.  The  line  of  action  and  point  of  application  of  the 
left-hand  reaction,  and  the  point  of  application  of  the  right-hand 
reaction  are  known. 

We  commence  Fig.  16  by  drawing  the  line  of  loads,  B  0,  C  D, 
D  E,  E  F  and  F  G.  Then,  any  point  O  is  taken  and  joined  with 
all  the  points  in  the  line  of  loads  as  illustrated  in  the  figure. 
This  point  O  is  called  a  Pole  and  Fig.  16  a  Polar  Diagram. 

Since  the  point  of  application  of  the  right-hand  reaction  (Fig. 
la)  is  the  only  one  of  its  elements  which  is  known,  we  must 
begin  at  this  point  1  when  drawing  the  Funicular  Polygon* 
12  3  4  5.  In  the  Polar  Diagram,  Fig.  16,  the  line  OF  comes 
between  the  loads  E  F  and  F  G.  Then,  from  the  point  1,  in  the 
Frame  Diagram,  draw  the  line  1 — 2,  parallel  to  OF.  The 
line  1 — 2  begins  in  the  line  of  action  of  the  load  FG  and 
ends  in  the  line  of  action  of  the  load  EF — viz.,  the  two  loads 
between  which  the  line  O  F  lies  in  the  Polar  Diagram.  Between 
the  lines  of  action  of  the  loads  E  F  and  D  E,  draw  the  line  2 — 3 
parallel  to  the  line  OE  in  the  Polar  Diagram,  which  lies 
between  these  same  two  loads.  Similarly  draw  3 — 4  parallel  to 
O  D  and  4 — 5  parallel  to  O  C.  On  joining  the  point  5  with  the 
point  1  we  close  the  Funicular  Polygon.  This  closing  line  5 — 1 
has  one  end  5,  in  the  line  of  action  of  the  reaction  A  B,  and  the 
other  end  1,  in  the  line  of  action  of  the  reaction  A  G.  Therefore, 
if  a  line  O  A  be  drawn  parallel  to  this  closing  line  from  0,  it 
must  lie  between  the  reactions  in  the  line  of  loads,  just  as  the 
other  lines  radiating  from  0  have  done. 

If  we  draw  B  A  from  B  in  the  line  of  loads  parallel  to  the  line 
of  action  of  the  reaction  A  B,  so  as  to  meet  the  line  O  A  in  the 

*  See  explanation  of  Funicular  Polygon  given  at  the  end  of  this  Lecture. 
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point  A,  then  A  joined  with  G  completes  the  external  force 
polygon. 

Second  Case. — If  the  two  ends  of  the  beam  had  been  anchored, 
then  the  lines  of  action  of  the  reactions  G  A  and  A  B  would 
have  been  parallel  to  each  other  and  to  the  line  joining  B  with 
G  in  the  Load  Diagram.     In  this  case  the  lines  of  action  of  the 


Fig.  la.— Frame  Diagram  and  Funicular  Poltgon. 


reactions  would  be  drawn  on 
Fig.  la,  and  the  point  1  taken 
anywhere  in  the  line  of  the 
reaction  GA;  or  we  could 
begin  with  the  point  5  anywhere 
in  the  line  of  the  reaction  A  B, 
and  draw  the  Funicular  Polygon 
as  stated  above. 

If  the  load  FG  had  not 
existed,  we  would  still  have 
begun  at  the  point  1  for  the 
first  case.  The  line  O  F  would 
then  be  between  the  load  EF 
and  the  reaction  FA.  In  the 
second  case  mentioned  above, 
the  solution  would  still  be  the 
same  as  before. 

Resultant  of  the  Loads  on  a 
Beam. — From  the  point  1  in  the 


Fig.  lb.—  Load  and  Polar  Dia- 
gram for  Determination  or  Re- 
actions and  Resultant  Load. 


Frame  Diagram,  Fig.  la,  draw  the  line  1 — 6  parallel  to  the  line 
O  G  in  the  Polar  Diagram.  This  line  O  G  lies  between  the 
load  FG  and  the  resultant  GB.     Now  draw  the  line  5—6 
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parallel  to  the  line  0  B,  so  as  to  intersect  the  line  1 — 6  in  the 
point  6.  Then  the  point  6  is  a  point  in  the  line  of  action  of  the 
resultant  of  the  loads.  If  through  the  point  6  we  draw  a  line 
parallel  to  B  G,  then  that  line  will  represent  the  line  of  action 
of  the  resultant  load.  This  line  cuts  the  beam  at  the  point 
round  which  the  beam  would  balance.  The  magnitude  of  the 
resultant  is  represented  by  the  length  of  the  line  B  G. 


"       D 


K  ^J 


U. 


Fig.  2a.— Frame  Diagram. 


Fig.  25.— Load  and  Reaction  Diagram 
for  Determination  of  Reactions. 


If  we  wished  to  find 
a  point  in  the  line  of 
action  of  the  resultant 
of  the  loads  OD,DE, 
and  E  F,  then  from  the 
point  2,  draw  a  line 
parallel  to  the  line  O  F, 
and  from  the  point  4  a 
line  parallel  to  the  line 
O  C,  so  as  to  intersect 
the  first  line  from  the 
point  2.  This  point  of 
intersection  is  a  point 
in  the  line  of  action  of 
the  resultant  of  CD, 
D  E,  and  E  F.  Its  line 
of  action  passes  through 
this  point  and  is  parallel 


to  the  line  joining  C  with  F,  while  its  magnitude  is  represented 
by  the  line  C  F. 

Reactions  on  a  Beam.— Second  Method.— On  the  top  of  the 
beam  draw  a  Firm  Frame  of  any  shape,  having  its  joints 
in  the  lines  of  action  of  the  loads  as  indicated  in  the  Frame 
Diagram,    Fig.    2a.     Letter  the  Frame  Diagram   according  to 


FINK  TRUSS. 


235 


Bow's  method,  and  draw  the  Load  and  Stress  Diagram  as 
already  explained.  As  a  graphic  solution  the  second  method  is 
the  more  accurate  of  the  two,  and  may  be  applied  with  greater 
ease  in  the  case  of  lattice  girders,  for  we  have  only  to  join  the 
points  of  the  girder  with  one  end,  or  some  points  with  one  end, 
and  the  remainder  with  the  other  end. 

Fink  Truss. — This  truss  was  largely  used  in  America  for  wooden 
bridges  and  is  represented  in  the  Frame  Diagram,  Fig.  3a.  It 
consists  in  this  case,  of  a  primary  truss  BAG,  and  two  second- 
ary trusses.  The  divisions  of  the  beam  are  called  panels.  The 
truss  in  Fig.  3a  is  therefore  a  Fink  Truss  of  four  panels. 


c       ,r     o       ,f      e       "     f 

N    ^y 

Fig.  3a.— Framb  Diagram,  for  a  Fink  Truss. 
HP 


Fia.  36.— Stress  Diagram. 

If  the  foot  of  every  upright  had  been  joined  with  each  end  of 
the  beam  instead  of  as  shown,  the  truss  would  be  called  the 
Bollman  Truss,  of  which  the  solution  is  similar  to  the  following 
explanation  for  the  Fink  Truss.  Draw  the  external  force 
polygon  as  explained  for  Figs,  la  and  2a. 

First  Method  for  Stress  Diagram. — Join  the  joint  M  N  A  L 
with  the  joints  EFRP  and  F  G  A  S  R,  as  shown  by  the  dotted 
lines  in  the  Frame  Diagram,  Fig.  3a.    Call  the  spaces  thus  formed 
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Fig.  4.— Forces 

Acting  in  Straight 

Lines  at  a  Point. 


X  and  Z  as  shown  in  the  Frame  Diagram.  This  will  enable  us 
to  determine  the  point  M  in  the  Stress  Diagram,  Fig.  36.  Draw 
FZ  and  A  Z,  parallel  to  the  bars  F  Z  and  A  Z.  This  gives  the 
point  Z.  Then  Z  X  and  E  X  fix  the  point  X ;  and  X  M  and 
D  M  fix  the  point  AL  The  Stress  Diagram  may  now  be  com- 
pleted in  the  usual  way,  and  the  closing  line  will  form  a  check 
line. 

Second  Method  for  Stress  Diagram. — In  Fig.  4,  we  have 
four  forces  in  equilibrium  acting  at  a  point  and  their  lines  of 
action  lie  along  two  straight  lines.  The  condition  for  equili- 
brium is,  that  H  M  is  equal  and  opposite  to  K  L  and  M  L  is 
equal  and  opposite  to  EH,  The  Force 
Polygon  will  therefore  be  a  parallelogram 
and  may  be  represented  byHMLK  in  the 
Stress  Diagram,  Fig.  36. 

From  the  above,  it  is  evident  that  the  stress 
in  BM  must  be  equal  to  the  load  0  D  and 
the  stress  in  K  L  equal  to  the  stress  in  H  M. 
Therefore,  draw  A  E  and  A  L  parallel  to  the 
bars  AX  and  AL  respectively  and  draw 
X  L  between  them  parallel  and  equal  in 
length  to  CD.  This  will  determine  the 
points  X  and  L  in  the  Stress  Diagram,  Fig.  36,  which  may  now 
be  completed.  The  closing  line  will  form  a  check  as  in  the  first 
method. 

Trapezoidal  Truss  of  Three  Panels.— In  this  Truss,  Fig.  5a, 
the  space  F  will  always  remain  a  parallelogram,  as  was  the  case 
in  the  Queen  Post  Frame  which  has  been  already  discussed. 
In  fact  this  is  a  Bimilar  case  to  the  roof  considered  with  a  con- 
tinuous tie-beam. 

If  the  beam  is  uniformly  rigid,  then  whatever  distance  the 
joint  0  D  G  F  is  deflected  below  the  horizontal  line,  the  joint 
B  C  F  E  rises  an  equal  distance  above  the  horizontal  line. 
Therefore,  the  difference  between  the  vertical  component  of 
the  load  C  D  and  the  stress  action  in  G  F,  must  be  equal  and 
opposite  to  the  difference  between  the  vertical  component  of  the 
load  B  C  and  the  stress  action  in  E  F. 

In  order  to  obtain  the  Stress  Diagram,  Fig.  56,  we  first  of  all 
draw  the  external  force  polygon  B  C  D  A,  and  determine  the 
point  A,  as  explained  for  Figs.  16  or  26.  Then  draw  A  F 
parallel  to  the  bar  AF  and  BT  Cj  D,  perpendicular  to  A  F. 
B  B„  C  Ct  and  D  Dl  are  parallel  to  A  F.  Bx  0X  and  Cx  Dx  will 
be  the  vertical  components  of  B  C  and  C  D  respectively. 

Since  C,  Dx  is  greater  than  Bx  CL,  the  joint  C  D  G  F  will  be 
deflected  downwards.     Therefore,  F  G  will  be  less  than  Cx  Dx 
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and  is  as  much  less  than  BlOl  as  GlDl  is  less  than  E  F. 
This  is  the  same  thing  as  saying  that  G  F  and  F  £  are  together 
equal  to  Bj  D,. 

The  point  £  lies  on  the  line  A  £  drawn  parallel  to  the  bar 


Fig.  6a.— Frame  Diagram  for  a  Trapkkoidal  Truss. 

A  E  and  similarly  for  the 
point  G.  Place  the  line 
E  G  between  the  lines  A  E 
and  AG,  parallel  to  the 
bars  GF  and  FE  and  equal 
in  length  to  B,  Dr  This 
determines  the  points  E 
and  G.  Where  EG  cuts 
the  line  A  F  fixes  the  point 
F.  Then  by  joining  FC, 
E  B  and  G  D  we  complete 
the  Stress  Diagram. 

Another  method  of  de- 
termining the  point  G  is 
to  make  A  Px  equal  to  one- 
half  of  Bx  D19  or  A  P  equal 
to  one-half  of  BD,  and 
draw  RGorPG  parallel 
to  A  F,  so  as  to  cut  the 
point  G. 

Trapezoidal  Truss  of  Five  Panels. — In  this  truss,  Fig.  6a,  the 
space  0  always  remains  a  parallelogram,  but  the  other  spaces 
cannot  ohange.  Similar  reasoning  to  what  we  used  in  the 
previous  figure  will  show  that  the  loads  D  E  and  E  F  are 
together  equal  and  opposite  to  the  sum  of  the  stress  actions  P  O 
and  O  N.  The  load  0  D  is  equal  to  the  stress  in  L  N,  and  also 
equal  to  the  stress  in  K  M.  Similarly  the  load  F  G  is  equal  to 
the  stresses  in  the  bars  P  R  and  Q  S.  It  follows  from  this,  that 
the  stresses  RP,  P  O,  ON,  and  N  L  are  together  equal  and 
opposite  to  the  loads  CD,  D  E,  EF,  and  FG.     The  Stress 


Fig.  56.— Stress  Diagram. 
line  AG.      This  determines  the 
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Diagram,  Fig.  66,  may  be  determined  by  drawing  A  E  parallel 
to  the  bar  A  K,  and  making  E  M  equal  to  0  D.  Then  through 
M  draw  M  N  parallel  to  the  bar  M  N«     The  point  N  lies  on  this 


C                0                €                F        "      6 

N 

0 

P 

jf. 

A 

Fio.  6a.— Frame  Diagram  iob  Five  Panel  Trapezoidal  Truss. 


Fig.  6ft.— Stress  Diagram. 

line.  Draw  A  S  parallel  to  the  bar  A  S,  and  make  S  Q  equal  in 
length  to  FG.  Through  Q  draw  Q  F  parallel  to  the  bar  Q  P. 
The  point  P  lies  on  this  line.  Now  0  P  and  O  N  are  together 
equal  to  F  E  and  E  D.  Consequently,  if  we  make  P  N  equal  to 
F  D  and  parallel  to  the  bars  O  P  and  O  N,  this  will  determine 
the  points  P  and  N.  Draw  A  O  parallel  to  the  bar  A  0.  This 
fixes  the  point  O.  The  points  L  and  R  may  now  be  determined, 
and  the  finishing  lines  of  the  diagram  inserted. 
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In  Fig.  7  the  forces  acting  on  the  left-hand  portion  of  the 
beam  are  shown  as  taken  from  the  Stress  Diagram,  Fig.  66. 
They  are  the  actions  of  the  pins  on  the  beam,  and  of  the  right- 
hand  half  on  that  end. 

In  Fig  8  is  shown  the  form  which  the  left-hand  end  must 
take  from  the  previous  assumptions.     The  three  points  shown 


Fig.  7.— Forces  acting  on  the 
Lift -Hand  Halt  of  thb 
Beam, 


Fig.  8.— Form  into  which  the 
Forces  Bend  thb  Lsft-Hand 
Half  of  the  Beam. 


in  a  straight  line  must  always  remain  in  a  straight  line.     There 
will  be  three  points  of  contrary  flexure  in  the  length  of  the  beam. 
These  Trapezoidal  Trusses  are  deficient  frames  made  redund- 
ant by  stiff  joints. 


FRAME  DIAGRAM. 


(OB 


8TRESS  DIAGRAM 


Co*  (2) 


STRESS  DIAGRAM 


Triangular  Frame. 

Example  I. — A  triangular  frame,  consisting  of  three  equi- 
lateral triangles,  is  loaded  with  a  weight  W.  Find  the  stresses 
on  the  several  members  of  the  frame  (1)  when  W  is  hung  at  the 
lower  apex  of  the  central  triangle,  (2)  when  each  of  the  triangles 

is  loaded  at  the  upper  apex  with  -~-. 
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Answer. — Since  the  loading  is  symmetrical  in  both  cases,  the 
reactions  are  each  equal  to  one-half  of  the  total  load — that  is, 
to*  W. 

Case  (1). — Draw  BC  vertical  and  equal  to  W  units.  Bisect 
it  at  A,  so  that  C  A  and  A  B  are  the  reactions.  Make  C  D 
parallel  to  the  bar  CD,  and  AD  to  AD.  This  gives  us  D. 
Then  draw  D  E  and  A  E  respectively  parallel  to  the  bars  D  E 
and  A  E,  so  as  to  obtain  E.  A  F  and  E  F  fix  F,  and  B  F  com- 
pletes the  Stress  Diagram.  B  F  should  be  parallel  to  the  bar 
B  F,  and  this  gives  us  a  check  on  our  work. 

r* >*« *—+** h 


1000  lbs. 
FRAME  DIAGRAM 
M  B 


1000  On. 


Q  ED 

STRESS  DIAGRAM 
Fig.  9.— Warren  Girder. 

Case  (2). — Here  we  must  make  A  B  and  B  C  each  equal  to  £ 
W.  DA  and  C  D  will  represent  the  reactions,  D  being  the 
middle  point  of  B  0,  and  therefore  coincident  with  B.  A  E  and 
DE  determine  E,  and  0G  and  DG  give  G.  E  and  G  will 
coincide  since  B  and  D  do,  and  everything  is  symmetrical.  The 
point  F  also  coincides  with  E  and  G,  so  that  there  is  no  stress 
in  the  bars  E  F  and  F  G. 
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Warren  Girder.— Pig.  9  illustrates  a  Warren  Girder  of  four 
bays  or  panels,  which  is  simply  an  extension  of  the  above 
triangular  frame.  The  upper  horizontal  member  is  called  the 
Upper  Boom  or  Flange,  and  the  lower  horizontal  member  is 
called  the  Lower  Boom  or  Flange.  The  inclined  members  are 
called  Lattice  Bars  or  Braces.  The  joint  AFE  or  E  F  G  D  is 
called  an  Apex.  The  angle  of  triangulation  is  usually  60°,  but 
sometimes  the  triangles  are  right-angled  isosceles.  When 
loads  are  applied  at  the  centres  of  the  lower  members,  tie-rods 
are  put  from  the  centres  of  the  lower  members  to  the  opposite 
apices.  These  tie-rods  transmit  the  central  loads  to  the  upper 
apices.  The  Frame  Diagram  would  then  show  a  system  of  loads 
at  the  lower  and  upper  apices.  From  what  has  already  been 
said  the  student  should  find  no  difficulty  in  drawing  the  Stress 
Diagram,  which  is  obtained  in  exactly  the  same  way  as  those  in 
Example  I. 

Linville  or  N  Girder. — This  girder  differs  from  the  Warren 
Girder,  in  that  the  bars  connecting  the  two  horizontal  booms  are 
placed  alternately  vertical  and  oblique,  forming  a  series  of  right- 
angled  triangles  instead  of  the  corresponding  equilateral  ones  in 
the  Warren  Girder.  It  is  so  arranged  that  the  shorter  vertical 
bars  shall  be  in  compression  and  the  oblique  ones  in  tension. 
This  clearly  tends  to  a  saving  of  material  and  a  diminution  of 
weight,  since  compression  members,  unless  very  short,  must, 
other  things  being  equal,  be  much  heavier  than  tension  mem- 
bers. Also,  compression  members  are  much  strengthened  by 
shortening,  while  a  tension  member  is  not  weakened  by 
lengthening. 

We  may  determine  the  reactions  by  a  "  substituted  frame " 
by  the  Funicular  Polygon,  or,  in  this  case,  by  calculation. 

In  drawing  the  Stress  Diagram  we  observe  that  A  a  must  be 
equal  to  Q  A,  and  a  Q  is  zero,  since  the  reaction  is  vertical. 
The  members  a  Q  and  n  K  are  necessary  to  give  the  required 
stability.  These,  together  with  the  end  vertical  members, 
might  be  dispensed  with  by  carrying  the  supports  up  to  the 
upper  boom. 

Draw  the  lines  representing  the  loads  and  reactions,  viz. : — 
KL,  LM,  MN,NP,  PQ,  QA,  AB,  BO,  OD,  DE,  EF,  FG, 
GH,  and  HK.  Since  Aa  =  AQ,  and  Hw  =  HK,  so  that  a 
coincides  with  Q,  and  n  with  K,  we  may  draw  the  Stress 
Diagram  as  follows  : — 

B  6  and  a  b  fix  the  point  6,  and  G  m  and  n  m  the  point  m. 
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By  th en  joining /^  we  complete  the  Stress  Diagram,  and  this 
line  should  be  parallel  to  the  central  strut. 


LINVILLE  OR  N  GIRDER. 
Fig.  10a. 
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Pig.  106. -Stress  Diagram. 

Lattice  Girder.— Although  in  Fig.  12,  we  have  drawn  the 
external  force  polygon  for  Fig.  11,  we  can  go  no  further  with 
the  Stress  Diagram  for  frames  of  this  kind  until  we  have  deter- 
mined in  some  way  the  stress  in  one  member,  because  these 
are  redundant  frames.* 

*  See  the  beginning  of  Lecture  XXIV.  for  the  properties  of  redundant 
frames. 
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Assumption. — We  assume,  first  of  all,  that  all  the  members 
have  been  accurately  fitted ;  that  is,  the  frame  is  not  initially 
stressed. 

One  method  of  Solution  which  has  often  been  suggested  is, 
to  assume  that  the  shear  over  any  section  is  taken  equally 
by  the  braces  in  that  section.  We  shall  however  prove  that 
this  latter  assumption  is  not  consistent  with  the  actual  con- 
ditions. The  shear  on  the  right-hand  bay  of  Fig.  11  is  evi- 
dently one-half  of  BC,  and  according  to  the  above  method, 
the  vertical  component  of  the  stress  in  the  member  G  H  would 
be  equal  to  one  half  of  the  shear,  that  is  one  quarter  of  B  C, 
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Fig.  11.—  Frame  Diagram, 


H      C 


Fig.  12.— Stress 

Diagram  with 

Unequal  Stessib 

in  Braces. 

Two  Bat  Lattice  Girder. 


Fig.  13.— Stress 

Diagram  with 

Equal  Stresses 

in  Braces. 


whilst  the  vertical  component  of  the  stress  in  the  member  G  K 
would  be  equal  to  the  other  half  of  the  shear,  that  is  also  one 
quarter  of  B  C.  Similarly,  for  the  left-hand  bay,  according  to 
the  above  assumption,  the  vertical  components  of  the  stresses  in 
E  G  and  F  G  would  each  be  one  quarter  of  B  C. 

Let  us  suppose  the  vertical  component  of  the  stress  in  G  H 
and  KL,  to  be  one-quarter  of  BC,  and  then  draw  the  Stress 
Diagram,  Fig.  1 2  There  A  L  is  equal  in  length  to  the  verti- 
cal component  of  KL  and  also  equal  to  one-quarter  of  BO. 
The  Stress  Diagram  may  now  be  completed  in  the  usual 
way.     It  shows  that  if  the  stress  in  G  H  has  a  vertical  com- 
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ponent  of  one-quarter  of  B  C,  then  the  vertical  component  of  the 
stress  in  EG  is  three-quarters  of  BC.  This  is  a  consistent 
result,  because  three-quarters  and  one-quarter  of  BO  acting 
vertically  together  at  the  joint  EBOHG  will  balance  BC. 
But,  if  the  members  have  been  properly  put  together,  there  is  no 
reason  at  all  why  the  stress  in  E  G  should  be  greater  than  the 
stress  in  G  H.     The  most  sensible  assumption  to  make  is,  that 
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Fio.  14a.— Frame  Diagram  for  Five-Bat  Lattice  Girder. 

the  members  E  G  and  G  H  will 
each  have  a  stress  of  which  the 
vertical  component  is  one-half 
of  BO.  The  Stress  Diagram 
for  this  assumption  is  worked 
out  in  Fig.  13. 

Lattice  Girder  of  Five  Bays. 
—To  Determine  what  Pro- 
portion op  a  Single  Load 
is  Transmitted  along  each 
Brace. — In  the  Frame  Dia- 
gram, Fig.  14a,  we  have  as- 
sumed a  load  of  5  units  at 
the  joint  BCHGE.  From 
inspection,  it  will  be  evident 
that  the  reaction  A  B  will  be 
4  units  and  AO  will  be 
Fio.  ^.-Stress  Diagram.  \   Ul\{t;      Th(\  ^actions'  may 

When  Bracks  EG  and  I)  V  are         °*    determined    by    a    substi- 
Kkmoveii.  tuted    triangular   frame    with 
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its  vertex  at  the  loaded  joint  and  rafter  ends  at  the  abut- 
ments. The  Stress  Diagram,  Fig.  146,  has  been  drawn  on  the 
assumption  that  the  braces  EG  and  DF  have  been  withdrawn. 
If  the  bar  D  F  is  removed,  then  the  spaces  D  and  F  will  have 
only  one  letter,  let  this  be  called  D.  Then  B  D  and  A  D  fix  the 
point  D;  D F  and  A F  the  point  F ;  D E  and  B E  the  point  E I; 
E  G  and  F  G  the  point  G  and  so  on,  until  the  Stress  Diagram  is 
completed. 

From  the  Stress  Diagram,  Fig.  146,  we  see  that  the  vertical 
components  of  the  stresses  in  the  braces  *  G  H,  K  L,  L  N,  M  O, 
OP,  QR,  RT,  S  U  and  U  C  are  each  equal  to  the  load  B  C,  and 
that  the  vertical  components  of  the  stresses  in  the  remaining  braces 
T  U,  R  S,  on  to  B  D  are  each  equal  to  four  units ;  also  that  the 
kind  of  stress  alternates  between  a  push  and  a  pull  throughout 
the  braces.  The  vertical  component  of  the  push  in  the  lattice 
bar  G  H,  is  balanced  by  the  vertical  component  of  the  pull  in 
L  N.  Also,  the  vertical  component  of  the  pull  in  M  O,  iB 
balanced  by  the  vertical  component  of  the  push  in  OF,  and 
similarly  for  Q  R  and  R  T,  S  TJ  and  TJ  0.  Now,  the  push  in 
U  C  is  balanced  by  the  reaction  0  A,  combined  with  the  vertical 
component  of  the  pull  in  T  TJ,  and  since  the  reaction  0  A  is  one 
unit  the  vertical  component  of  the  pull  in  T  TJ  must  be  four 
units.  This  four  units  of  vertical  component  of  the  pull  in  T  TJ, 
is  transmitted  through  the  remaining  lattice  bars  as  a  push  and 
a  pull  alternately,  until  it  reaches  B  D  as 
a  push,  and  is  there  balanced  by  the  re- 
action A  B. 

The  stress  in  each  lattice  bar  produces  a 
strain  that  will  cause  the  load  to  dip.  Now, 
since  the  stresses  are  severe  and  every  lat- 
tice bar  is  stressed,  the  removal  of  the  brace 
E  G  produces  a  very  yielding  frame. 

In  Fig.  15  we  have  the  Stress  Diagram 
which  is  obtained  from  the  Frame  Diagram, 
Fig.  14a,  by  removing  the  brace  G  H.  The 
removal  of  this  brace  means,  that  there  will 
be  no  stress  in  the  bars  LN,  MO,  O  P,  QR, 
R  T  and  S  TJ.  Since  there  is  no  stress  in 
STJ  there  can  be  none  in  OS  or  C  TJ.  Fi&  15. -Stress 
Therefore,  S  and  TJ  will  coincide  with  C  and  BrIck^  H  WRb" 
the  Stress  Diagram  can  now  be  completed.  moved. 

"Since  the  two  members  G  H  and  K  L,  Fig.  14a,  are  parts  of  the  same 
lattice  bar  or  brace  and  the  stresses  in  them  are  the  same  in  every  element, 
we  may  refer  to  them  as  the  lattice  bar  or  brace  G  H  or  K  L  and  similarly 
for  the  others. 
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Fig.  15  shows  that  the  lattice  bar  EG  is  the  only  one  having 
the  vertical  component  of  its  stress  equal  to  B  C.  Also  that 
each  of  the  bars  BD,  D  E,  G  K,  LM,  OQ  and  RS  has  the 
vertical  component  of  its  stress  equal  to  one  unit  of  the  load. 
Further,  that  the  stresses  are  alternately  push  and  pull  and  that 
the  remaining  lattice  bars  are  not  stressed. 

The  vertical  component  of  the  push  in  the  lattice  bar  E  G  is 
balanced  by  the  reaction  A  B,  in  combination  with  the  stress  in 
B  D.  Since  the  vertical  component  of  the  push  in  the  brace  K  G 
must  balance  the  load,  its  value  is  5  units  and  the  reaction  A  B 
has  a  value  of  4  units ;  therefore,  the  stress  in  the  bar  B  D  must 
be  a  pull  of  1  unit.  This  vertical  component  of  the  pull  in  B  D 
is  balanced  by  the  vertical  component  of  the  push  stress  in  D  E 
and  so  on,  until  the  vertical  component  of  the  push  in  T  U  is 
balanced  by  the  reaction  A  0  of  one  unit. 

Since  the  stress  is  severe  in  only  one  lattice  bar  and  a  number 
of  the  bars  are  unstressed,  the  removal  of  the  brace  0  H  pro- 
duces a  very  much  less  yielding  frame  than  the  removal  of  the 
brace  E  0. 

When  the  frame  is  complete  as  shown  in  the  Frame  Diagram, 
Fig.  14a,  the  vertical  components  of  the  pushes  in  the  lattice 
bars  E  G  and  G  H  must  together  carry  the  load.  The  amount 
which  each  carries  will  be  inversely  proportional  to  the  yielding- 
ness  of  the  system  of  bars  to  which  each  is  connected.  The 
lattice  bar  EG  will  therefore  carry  more  than  the  lattice  bar  GH. 

In  this  case,  we  have  made  the  following  assumptions : — 

(1)  That  the  Frame  is  not  initially  stressed. 

(2)  That  the  vertical  component  of  the  push  stress  in  the 
left-hand  lattice  bar  meeting  in  a  joint  at  which  a  load 
is  applied  is  equal  to  that  portion  of  the  left-hand  reaction 
which  that  load  produces.  Also,  that  a  similar  relation  exists 
between  the  vertical  component  of  the  push  stress  in  the  right- 
hand  lattice  bar  and  the  right-hand  reaction. 

Lattice  Girder  Loaded  at  Top  Joints. — For  the  lattice  girder, 
Fig.  16a,  we  must  first  determine  the  reactions.  This  may  be 
done  by  one  of  the  methods  for  Figs.  1  and  2,  of  which  the 
latter  one,  is  the  better  and  simpler.  By  joining  the  lower  left- 
hand  corner  with  each  of  the  upper  joints  we  obtain  a  Simple 
Triangular  Frame,  and  by  drawing  the  Stress  Diagram  for  it, 
we  can  determine  the  reactions.  Since  the  frame  is  redundant 
we  must  first  calculate  the  stress  in  one  member  before  we  can 
begin  the  Stress  Diagram.  The  bar  B  K  is  the  most  suitable 
one. 

From  the  second  assumption  we  observe  that ; — 
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(1)  The  load  £  0,  produces  no  stress  in   K  L  and  a  push 

stress  of  3  units  in  B  K. 

(2)  The  load  OD,  produces  a  push  stress  having  a  vertical 

component  equal  to  4  units  (-$■  C  D)  in  K  M.  This  com- 
ponent is  entirely  balanced  by  the  reaction  which  the 
load  CD  produces  in  AB  —  viz.,  4  units.  This  load 
produces  therefore  no  stress  in  B  K. 
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Fig.  16a.— Frame  Diagram  for  a  Loaded  Lattice  Girder. 

(3)  The  load  D  E,  produces 

a  push  stress  having  a 
vertical  component 
equal  to  9  units  (f  D  E) 
in  O  Q.  This  stress  in- 
duces a  pull  stress  in 
M  N  having  a  vertical 
component  equal  to  9 
units  and  this  pull  stress 
induces  in  B  K  a  push 
stress  of  9  units. 

(4)  The  load  EF,  produces 

a  push  stress  having  a 

vertical    component 

equal  to  8  units  (f  E  F) 

in  R  T.     This  stress  in 

duces   a   pull    in    P  Q, 

and  a  push  in  N  L,  the  vertical  component  of  which  is 

balanced  by  the  reaction  produced  in  A  B.      This  load 

produces  therefore  no  stress  in  B  K. 

(5)  The  load  FG,  produces  a  push  stress  having  a  vertical 

component  equal  to  2  units  (£FG)  in  UW.  This 
stress  is  transmitted  as  push  and  pull  until  it  reaches 
B  K  as  push  and  is  balanced  by  the  reaction  A  B. 

(6)  The  load  G  H,  produces  no  stress  in  B  K. 


Fig.  166.— Stress  Diagram. 


248  LKCTUHE  XXVIII. 

Summing  up  the  push  stresses  in  B  K  we  have  : — 
3  units  due  to  B  C, 
0  units  due  to  C  D, 
9  units  due  to  DE, 
0  units  due  to  E  F, 
2  units  due  to  F  G, 
0  units  due  to  G  H. 
This  gives  a  total  push  stress  of  14  units  in  the  bar  B  K. 

From  the  point  B,  in  the  line  of  loads,  Fig.  166,  draw  a  line 
B  K  parallel  to  the  bar  B  K,  and  make  the  length  of  B  K  equal 
to  14  units  to  the  same  scale  as  the  line  of  loads.  This  deter- 
mines the  point  K  in  the  Stress  Diagram.  Then  K  L  and  C  L 
fix  the  point  L  and  so  on  point  by  point  until  the  Stress 
Diagram  is  finished.     The  finishing  line  forms  a  check  line. 

In  calculating  the  stress  in  the  lattice  bars,  we  have  some- 
times a  push  stress  and  sometimes  a  pull  stress.  We  must 
therefore  pay  due  regard  to  the  sign  of  the  stress  when  adding 
up  the  various  stresses.  The  force  0  D  produces  a  push  stress 
in  the  bar  N  0,  having  a  vertical  component  of  1  unit,  while 
E  F  produces  a  push  stress  in  R  T  having  a  vertical  component 
of  8  units.  This  push  induces  a  pull  in  NO  also  having  a 
vertical  component  of  8  units.  Therefore,  the  resultant  stress  in 
N  O  is  a  pull  having  a  vertical  component  of  7  units. 

Referring  to  Fig.  16a,  we  may  observe  that  sometimes, 
vertical  ties  are  put  in  the  spaces  N,  Q,  T  and  W.  The  action 
of  these  ties  is  to  prevent  distortion  of  the  rectangles  in  which 
they  lie.  Therefore  unless  these  rectangles  have  become  dis- 
torted, they  will  not  be  stressed.  This  distortion  will  depend 
upon  the  relative  yieldingness  of  the  two  systems  of  bars  form- 
ing the  rectangle.  In  this  example  suppose  a  tie  in  the  space 
N  and  a  load  applied  at  the  lower  joint.  Then,  before  this  load 
can  stress  the  tie,  the  lower  joint  must  come  down  more  than 
the  upper  joint.  The  safest  assumption  to  make  is,  that  the 
ties  carry  no  portion  of  the  loads.  Some  lattice  bridges  have 
struts  in  the  spaces  N,  Q,  T  and  W  of  Fig.  16a  and  the  lattice 
bars  are  all  ties — that  is,  they  are  only  able  to  stand  a  pull 
stress.  On  drawing  the  Stress  Diagram  for  such  a  case,  we  must 
omit  a  bar  if  a  push  stress  comes  in  it,  and  use  the  other  tie. 

One  tie  in  each  bay  must  carry  the  shear  in  that  bay.  This 
will  enable  us  to  calculate  the  pull  in  that  tie.  This  is  the  best 
method  of  drawing  the  Stress  Diagram  for  such  cases. 

Bending  Moment — Definition. — The  Bending  Moment  at  any 
point  in  a  beam,  is  the  algebraic  sum  of  the  moments  with  respect 
to  that  point,  of  all  the  external  forces  acting  on  the  portion  of 
the  beam  on  either  side  of  that  point 
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In  order  to  draw  the  Bending  Moment  Diagram  of  Fig.  17, 
we  mast  proceed  as  if  we  were  going  to  find  the  reactions,  bj 
means  of  the  Funicular  Polygon  and  Polar  Diagram  as  explained 
for  Fig.  lo. 

The  Follicular  Polygon  drawn  in  this  way  »  a  Bending  Moment 
Diagram. — That  is,  if  a  vertical  line  be  drawn  from  a  point  in 
the  beam,  to  cut  the  bounding  lines  of  the  Funicular  Polygon, 


Fig.  17.—  Bending  Moment  and  Shearing  Force  on  a  Beam. 

the  intercept  on  this  line  which  lies  between  those  bounding 
lines,  represents  to  a  certain  scale  the  bending  moment  on  the 
beam  at  that  point. 

Having  found  the  point  A  in  the  line  of  loads,  by  drawing 
A  O'  horizontal  and  of  any  suitable  length,  we  draw  a  Polar 
Diagram  with  this  point  O'  as  the  Pole  and  the  corresponding 
Funicular  Polygon,  when  we  obtain  a  Bending  Moment  Diagram 
on  a  horizontal  base. 

Pboof.-    The  Bending  Moment  at  the  point  where  the  load 
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£  C  acts,  is  equal  to  A  B  x  a  b  Units  of  Moment.  The  Tri- 
angles a  b  e  and  O'AB  are  similar,  having  the  sides  ab,  be  and 
e  a  of  the  one  respectively  parallel  to  the  sides  O'A,  AB  and 
BO' of  the  other. 

Therefore,        bo  :  ab  :  :  BA  :  A(X 

BA  x  ab 


Hence,  be  = 


AO' 


a.    .,    ,             .  -      BA  x  ad  -  BO  x  bd 
Similarly,         df  = -gjp . 

That  is,  the  number  of  units  of  length  in  6  c,  when  measured 
with  the  scale  for  the  load  line,  would  give  the  Bending  Moment, 
if  O'  A  measured  1  unit  on  the  scale  of  length  for  the  Beam. 

Scale  for  Bending  Moment  Diagram. — Subdivide  the 
unit  of  the  scale  used  for  the  line  of  loads,  into  as  many  parts 
as  the  line  O'A  contains  the  unit  of  the  scale  used  for  the 
length  of  the  beam.  Then,  one  of  these  subdivisions  will  be  the 
unit  for  the  Bending  Moment  scale.  It  is  found  convenient  to 
make  0'  A  ten  units  of  the  length  scale. 

Shearing  Force. — Definition. — The  Shearing  Force  on  any 
transverse  section  of  a  beam  is  equal  to  the  algebraic  sum  of 
all  the  external  forces  acting  on  the  portion  of  the  beam  on 
either  side  of  that  section. 

In  order  to  draw  the  Shearing  Force  Diagram  of  Fig.  17,  no 
explanation  is  necessary,  beyond  following  out  the  lines  of  the 
figure.  The  Shearing  Force  on  any  transverse  section  of  the 
beam  lying  between  the  loads  B  C  and  G  D,  is,  from  the  defini- 
tion, equal  to  the  force  A  B  minus  the  force  B  C.  Therefore, 
the  length  between  the  line  4 — 5  and  the  line  1 — 6  will  measure 
the  Shearing  Force  to  the  scale  of  the  line  of  loads. 

Cantilever  Uniformly  Loaded. — The  cantilever  shown  in  Fig. 
18  may  be  considered  as  12  feet  long.  The  loads  indicated 
are  therefore  equivalent  to  a  uniform  load  per  foot  run.  They 
act  at  the  centre  of  each  of  the  portions.  By  drawing 
from  A,  B,  C,  «fcc.,  on  the  Load  Line,  horizontal  lines  in  the 
spaces  A,  B,  C,  (fee,  as  shown,  we  determine  the  Shearing  Force 
Diagram.  If  we  divide  the  beam  into  smaller  divisions  and 
draw  the  Shearing  Force  Diagram,  the  stepped  line  will  become 
more  nearly  a  straight  line.  Consequently,  when  divided  into 
infinitely  small  parts,  the  Shearing  Force  Diagram  becomes  the 
Triangle  R  P  Q.  The  length  of  the  line  Q  R  is  the  total  load  on 
the  Beam. 
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The  Bending  Moment  Diagram  of  Fig.  18  is  determined  by 
drawing  in  the  spaces  A,  B,  C,  (fee,  lines  parallel  to  the  lines 
O  A,  O  B,  O  C,  &c.  The  limiting  form  of  the  curve  Q  S  will  be 
a  parabola  with  its  vertex  at  S,  and  the  value  of  the  length  Q  T 
will  be  the  Maximum  Bending  Moment. 


BENDING    WOMEN 
fjt*,  DIAGRAM. 


Fio.  18. — Uniformly  Loaded  Cantilever. 

Beam  Uniformly  Loaded  and  with  Concentrated  Loads.-— Draw, 
as  already  explained,  the  Shearing  Force  Diagram  for  the  con- 
centrated loads.  This  is  KA128,  <tc,  on  Fig.  19.  Set  off 
H  P  and  K  Q,  each  equal  to  half  the  total  uniform  load  on  the 
beam,  and  join  P  with  Q.  Then  H  P  Q  K  is  the  Shearing  Force 
Diagram  lor  the  Uniform  Load.  Adding  the  ordinates  of  the 
two  diagrams  together  we  derive  the  Combined  Shearing  Force 
Diagram  KabcdeS  6f,  Ac.,  of  Fig.  19. 

Draw  the  Bending  Moment  Diagram  (LnM,  Fig.  19)  for  the 
concentrated  loads  as  described  for  Fig.  17.  Then  draw  on  the 
opposite  side  of  L  M  a  parabola,  having  its  axis  bisecting  L  M 
at  right  angles,  and  the  ordinate  at  the  centre  of  L  M  equal  to 
the  Maximum  Bending  Moment  due  to  the  uniform  load.     This 
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ordinate  must  be  measured  to  the  same  scale  as  that  of  the 
ordinates  of  the  concentrated  Bending  Moment  Curve.  The 
combined  ordinate  measures  the  Combined  Bending  Moment. 

h!    A    1      B      J     C     J     P    J     E     IfJgJh 


^^^o'^^_^^X^^^^^ljXl\  za 


ar^bo\\c         Owns* 
Fio.  19.— Beam  with  Uniform  and  Concentrated  Loads. 

Example  II. — A  cantilever  15  feet  long  has  a  load  of  5  tons 
at  its  outer  end,  5  tons  at  5  feet  from  it,  and  10  tons  at  a  point 
10  feet  from  the  end.  Find  graphically  the  diagrams  of  shearing 
force  and  bending  moment. 

Answer. — The  upper  part  of  the  figure  shows  the  cantilever 
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and  the  positions  of  the  loads.  Project  down  from  these  posi- 
tions and  the  inner  end  of  the  beam,  and  then  set  out  A  B=  10 
units,  BC  =  5,  and  CD  =  5,  to  represent  the  forces  A  B,  BC, 


Cantilever  in  Example  II. 

and  0  D  respectively.  Draw  horizontal  lines  through  A,  B,  C, 
and  D  to  intersect  the  lines  of  the  forces.  This  gives  us  the 
Shearing  Force  Diagram  as  shown  shaded. 
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To  obtain  the  Bending  Moment  Diagram  take  any  point  O  in 
E  D,  and  join  it  to  A,  B,  and  0.  Then  take  a  base  line  M  L 
parallel  to  OD,  and  draw  M  Q  in  the  space  C  parallel  to  O  C, 
Q  P  in  the  space  B  parallel  to  OB,  and  P  N  in  the  space  A. 
parallel  to  O  A.     Then   LMQPN   is   the   Bending  Moment 


Beam  in  Example  III. 

Diagram,  the  scale  being  that  adopted  for  the  shear  multiplied 
by  the  length  of  O  D  measured  on  the  scale  employed  in  setting 
out  the  length  of  the  beam. 

Example  III. — A  beam  of  12  feet  span  carries  five  loads 
equally  spaced  aloug  its  length,  the  first  and  last  being  each  2 
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feet  from  the  nearest  end.  The  values  of  the  loads  are  10,  5,  6, 
8,  and  4  tons  respectively.  Obtain  graphically  diagrams  show- 
ing the  shear  and  bending  moment  at  every  point  of  the  beam. 

Answer.— In  this  case  we  shall  determine  the  reactions  by 
calculation,  thu> : — 

Reaction  at  left  hand  due  toABis£xlO  =  8i  tons. 


BC  „  J* 

5  =  3, 

OD„  Jx 

6  =  3' 

DE„|x 

8  =  2; 

EF„i< 

4  =  0i 

.-.     Total  left-hand  reaction  G  A  « 18     „ 

The  whole  load  is  33  tons,  and  therefore  the  right-hand 
reaction  must  be  33  - 18,  or  15  tons. 

We  can  now  proceed  as  before,  making  GA«18,  AB  =  10, 
B  0  =  5,  <fec.,  and  drawing  horizontal  lines  through  A,  B,  C,  <fcc., 
to  obtain  the  Shearing  Force  Diagram. 

Take  a  point  O  in  the  horizontal  through  G,  and  join  it  to  A, 
B,  C,  <fec. 

Then  the  part  of  the  Bending  Moment  Diagram  in  the  space 
A  is  parallel  to  O  A,  in  the  space  B  to  O  B,  in  C  to  O  C,  and  so 
on,  as  in  Example  II. 

We  might,  of  course,  have  determined  the  reactions  from  the 
Funicular  Polygon  LwMN  in  the  first  instance ;  but  had  we 
done  so  we  would  probably  not  have  got  the  line  O  G  horizon- 
tal, and  would  have  had  to  redraw  it  as  explained  in  the  text. 

Centre  of  Gravity  of  an  Area. — Divide  the  area  into  elements, 
such  as  parallelograms,  triangles,  <fcc,  the  centres  of  gravity  of 
which  can  be  easily  determined. 

If  the  area  is  bounded  by  a  curved  line,  divide  it  into  very 
narrow  strips,  so  that  they  may  be  considered  approximately  as 
parallelograms. 

We  have  divided  the  area  shown  in  Fig.  20  into  three 
rectangles,  and  have  found  the  centre  of  gravity  of  each.  We  first, 
assume  a  line  lying  in  any  direction,  such  as  the  line  X  X,  along 
which  the  pull  of  gravity  acts.  The  centre  of  gravity  of  each 
area  is  a  point  in  the  line  of  action  of  the  pull  of  gravity  on  that 
area.  The  line  of  action  of  gravity  will  be  parallel  to  this 
assumed  line  X  X.  The  way  may  be  towards  either  the  left  or 
the  right  as  may  be  found  most  suitable,  and  the  magnitude  will 
be  proportional  to  the  area.  The  forces  BO,  CD,  and  D  E 
represent  completely  the  action  of  gravity  on  the  top,  the  centre, 
and  the  bottom  rectangles  respectively. 

Proceed  to  find  the  resultant  of  the  three  forces  B  C,  C  D, 
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and  D  E,  as  explained  for  Fig.  la.  This  is  shown  in  Fig.  19  by 
the  Polar  Diagram  B  C  D  E  O,  and  the  corresponding  funicular 
polygon  12  3  4.  B  C,  0  D,  and  DE,  in  the  Polar  Diagram  are 
proportional  to  the  areas  of  the  three  rectangles. 

The  line  of  action  of  the  resultant  of  the  three  forces  B  C, 
0  D,  and  D  E  passes  through  the  centre  of  gravity  of  the  whole 
area.  This  line  is  represented  by  the  line  4 — M.  Now, 
assume  a  line  at  right  angles  to  XX  as  a  line  along  which  the 
pull  of  gravity  acts  Proceed  in  exactly  the  same  way  with 
regard  to  this  line  as  has  been  done  for  the  line  X  X,  and  we 
obtain  another  line  passing  through  the  centre  of  gravity  of  the 


Fig.  20.— Centre  of  Gravity  and  Moment  of  Inertia. 

whole  area.  The  intersection  M  of  these  two  resultants  gives 
the  centre  of  gravity  of  the  whole  area.  The  forces  iu  the 
second  case  are  called  F  G,  G  H,  and  H  K,  and  the  Polar  Diagram 
FGHKOj,  with  its  corresponding  Funicular  Polygon,  is  shown 
in  the  figure. 

Moment  of  Inertia  of  an  Area. — If  we  wish  to  find  approxi- 
mately the  Moment  of  Inertia  round  the  line  X  X  of  the  area  in 
Fig.  20,  we  must  first  of  all  divide  the  area  into  elements  just 
as  in  find  ng  the  centre  of  gravity.  Then  proceed  to  draw  the 
polar  diagram  BCDEO  and  the  corresponding  funicular 
polygon  12  3  4 
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Now  consider  the  top  polygon  and  how  we  may  determine  its 
Moment  of  Inertia, 

Produce  the  two  lines  derived  from  the  polar  diagram,  which 
meet  in  the  line  of  action  of  the  pull  of  gravity  on  that  area 
(viz.,  1 — 2  ami  1 — 4)  until  they  intersect  the  line  X  X  in  the 
points  B',  C.  Do  the  same  for  the  lines  1 — 2  and  2 — 3,  and 
2 — 3  and  4 — 3,  which  meet  on  the  lines  of  action  of  the  pull  of 
gr  vity  on  the  middle  and  bottom  areas.  These  lines  intersect 
X  X  in  the  points  C  D',  a  d  D',  E',  respectively. 

Consider  B'  C,  0'  D',  i  nd  D'  E'  as  the  magnitudes  of  the  forces 
acting  along  the  lines  B  C,  CD,  and  D  E  respectively.  Proceed 
as  if  to  find  their  resultant  by  drawing  the  polar  diagram 
B'  C  D'  E'  0'  and  the  corresponding  funicular  polygon  5  6  7  8. 

Produce,  as  before,  the  lines  which  meet  in  B  C  (viz.,  6 — 5 
and  6 — 7)  to  intersect  the  lines  X  X  in  the  points  B"  C*.  Do 
the  same  for  the  lines  5 — 8  and  7 — 8,  or,  as  we  have  done  in  the 
figure,  produce  the  one  which  will  cut  X  X  in  a  point  furthest 
from  B".  B"0"  measures  to  a  certain  scale  the  moment  of 
inertia  of  the  top  area  round  the  line  XX,  and  B"E"  the 
moment  o.  inertia  of  the  whole  area  round  the  same  line. 
Greater  accuracy  would  be  obtained  by  dividing  the  area  into 
smaller  elements. 

Proof— Let  y  in  Fig.  20  represent  the  distance  the  centre  of 
gravity  of  the  top  area  is  from  the  line  X  X. 

Now,  since  the  two  triangles  B  C  O  and  B'  0'  1  are  similar : — 

BC:Z  :  :B'0':y. 
Then,  B'C'  =  ^-y. 

Again,  the  two  triangles  B'  C  O'  and  B"  CP  6  are  similar: — 
Hence,  BCr^Z,:  :  B'CT  :  y. 

And,  VV -**1*. 

Substituting  the  above  value  of  B'  C  we  get : — 

BO  xy* 
WCr-    ZxV 

But,  B  0  x  y*  is  the  moment  of  inertia  for  the  top  area  with 
respect  to  the  line  X  X,  provided  the  depth  of  the  area  is  small 
in  comparison  with  y.  B"  C"  measured  with  the  scale  called 
the  "area  scale,"  as  used  for  drawing  B  C  (in  order  to  represent 
the  area  of  the  top  rectangle),  gives  the  value  of  this  moment  of 
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inertia,  if  Z  and  Zx  are  1  unit  of  the  scale  which  is  used  for 
setting  off  the  lengths  in  drawing  the  section. 

Scale  for  Measuring  the  Moment  of  Inertia. — Sub- 
divide the  unit  of  the  scale  used  for  representing  the  areas, 
into  as  many  divisions  as  is  represented  by  the  number  found 

by  multiplying  Z  and  Zv  which 
are  both  measured  by  the  length 
scale.  One  of  these  subdivisions 
will  be  the  unit  for  the  Moment  of 
Inertia  Scale.  Or,  measure  B"  E" 
with  the  area  scale  and  multiply 
the  reading  first  by  Z  and  then 
byZ,. 

Engine  Mechanism.  —  In  the 
Frame  Diagram,  Fig.  21a,  the  bars 
BC  and  CE  represent  the  centre 
lines  of  the  piston-rods  of  a  com- 
pound engine  the  heads  of  which 
are  guided  in  parallel  straight  lines. 
The  bars  AC  and  DF  are  short 


Fio.  21a —Frame  Diagram. 
Engine  Mechanism. 


A      B 


A    B 


Fig.  216.— Stress  Diagram. 


Stress  Diagram  fob 
Joint  A  C  H. 


connecting-rods,  driving  the  crank  FG,  by  means  of  the  tri- 
angular frame  shown.      The  joint  C  D  K  H  is  constrained  to 
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move  in  an  arc  of  a  circle  round  a  point  in  the  bar  C  D  produced 
towards  the  right.  The  bar  C  D  is  called  a  radius  rod.  The 
lines  of  action  of  all  the  external  forces  acting  in  the  struc- 
ture are  shown.  A  B  and  E  F  are  the  guide  pressures,  C  D 
the  push  or  pull  in  the  radius  rod,  F  G  the  push  or  pull  in  the 
crank,  and  G  A  the  crank  effort  or  tangential  resistance. 

First  Method. — We  commence  the  Stress  Diagram,  Fig.  216, 
by  drawing  D  E  to  represent  in  magnitude  the  total  pressure  on 
the  right-hand  piston-rod.  Then,  E  F  and  D  F  fix  the  point  F, 
while  F  K  and  D  K  determine  K.*  But,  we  can  get  no  further 
until  we  draw  the  Stress  Diagram  for  the  joint  A  C  H.  This  is 
done  by  drawing  B  C  to  represent  to  the  same  scale  as  before 
the  total  pressure  on  the  left  hand  piston-rod.  Then,  the  points 
A  and  H  are  determined. 

We  must  now  tit  the  Stress  Diagram  for  the  joint  ACH,  to 
the  Stress  Diagram  already  drawn ;  so  that  the  point  C  shall 
lie  on  the  line  drawn  through  D  parallel  to  the  bar  CD  and 
the  point  H  on  the  line  drawn  through  K  parallel  to  the  bar 
KH,CH  being  kept  parallel  to  the  bar  C  H.  Then  the  Stress 
Diagram,  Fig.  216,  can  be  completed  in  the  usual  way. 

Second  Method. — Find  the  forces  actiug  in  A  C  and  D  F,  and 
then  find  their  resultant.  Produce  the  line  of  action  of  this 
resultant  to  cut  the  line  of  action  of  the  force  0  D  ;  when,  by 
joining  this  point  with  the  crank  pin,  we  get  the  line  of  action 
of  the  resultant  force  acting  on  the  said  crank  pin.  Finally, 
draw  the  Stress  Diagram  from  the  supplementary  data. 

The  following  is  a  list  of  books  and  papers  on  Graphic  Statics 
and  the  Design  of  Structures : — 

The  Design  of  Structures,  Bridges,  Roofs,  die,  by  S.  Anglin,  C.E. 
(Chas.  Griffin  &  Co.,  London,  1895.) 

A  Practical  Treatise  on  Bridge  Construction,  by  Prof.  T.  Claxton  Fidler. 
(Chaa.  Griffin  &  Co.,  London.) 

Graphical  Determination  of  Forces  in  Engineering  Structures,  by  James 

B.  Chalmers,  C.E.    (Macmillan  &  Co..  London.) 

Graphic  and  Analytic  Statics,  by  Robert  Hudson  Graham,  C.E.  (Crosby 
Lockwood  &  Co.,  London.) 

Graphics,  by  Prof.  R.  H.  Smith,  M.Inet.M.E.  (Longmans,  Green  &  Co., 
London.) 

Mechanics,  vol.  ii.,  by  A.  Jay  Du  Bois,  C.E.,  Ph.D.  (Chapman  &  Hall, 
London.) 

Applied  Mechanics,  by  Gaetano  Lanza.     (Chapman  &  Hall,  London.) 

Theory  of  Structures  and  Strength  of  Materials,  by  Henry  T.  Bovey, 
M.A.,  D.C.L.     (Chapman  &  Hall,  London.) 

Graphic  Methods  of  Computing  Stresses  in  Jointed  Structures.     Paper  by 

C.  O.  Burge,  Proc.  Inst.  C.E.     Vol.  brxrv.,  p.  192. 

Graphic  Methods  of  Engine  Design,  by  A.  H.  Barker.  (The  Technical 
Publishing  Co.,  Ltd.,  Manchester.) 

*  The  line  F  K  has  been  omitted  in  the  diagram* 
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Mechanical  Graphic*,  by  G.  Halliday.     (London,  1889.) 

Element*  of  Graphic  Static*,  by  K.  yon  Ott,  translated  by  G.  S.  Clark. 
(E.  &  F.  N.  Spon,  London,  1888.) 

Principle*  of  Graphic  Static*,  by  G.  S.  Clark.  (E.  &  P.  N.  Spon, 
London,  1888.) 

Klemcnt*  of  Graphic  Statics,  by  L.  M.  Hoskins.  (Macmillan  &  Co., 
London,  1892.) 

/Sronomic*  of  Contraction,  by  Robt.  H.  Bow  (E.  &  F.  N.  Spon, 
London.) 

Applied  Mechanic*,  2nd  edition,  by  Prof.  James  U.  Cotterill,  (Mac- 
millan &  Co.,  London.) 

Re  Funicular  Polygon  at  pp.  232  and  256.— The  word  funicular,  as 
used  in  mathematics,  is  an  epithet  for  a  curve,  which  is  the  same  as  the 


Funicular  Polygon  or  Link  Polygon  is  really  a  Stress  Diagram  drawn  from 
a  Frame,  such  as  that  shown  by  Fig.  13  on  page  164.  When  forces  in 
equilibrium  act  at  the  corners  of  a  series  of  links  or  bars  jointed  together 


at  their  extremities,  the  force  acting  along  eat  h  link  can  be  readily  found 
by  a  special  application  of  the  triangle  of  forces,  as  in  the  above-mentioned 
case. 
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Lecture  XXVIII.— Questions. 

1.  Draw  the  Stress  Diagram  for  the  Fink  Truss  shown  below,  and  verify 
the  stress  diagram  accompanying  it. 


3000  lbs 


3000W3 


8000  lbs 


E         — '        E 
FRAME  DIAGRAM 


SOOOlba 


STRESS  DIAGRAM 
Fink  Truss  for  Question  1. 

2.  A  triangular  frame  is  at  rest  under  the  action  of  three  external  forces. 
Prove  that  a  certain  diagram  will  represent  the  stresses  in  the  bars  of  the 
frame.  Extend  this  proposition  to  the  case  of  a  lattice  girder  of  the 
Warren  construction  with  four  bays  in  the  lower  boom  and  three  bays  in 
the  upper  boom,  loaded  in  the  centre  of  the  lower  boom  and  supported  at 
the  ends,  giving  the  Stress  Diagram  and  showing  how  to  distinguish  the 
portions  which  are  in  compression  or  extension. 

3.  A  triangular  frame  is  acted  on  bv  three  forces  applied  at  its  respective 
angular  points  and  in  equilibrium ;  investigate  a  method  of  constructing 
the  diagram  of  all  forces  Drought  into  play.  Taking  the  case  of  a  frame  on 
the  principle  of  the  Warren  Girder  having  four  bays  in  the  lower  boom  and 
three  in  the  upper  boom,  and  loaded  at  the  centre  of  the  lower  member  with 
a  weight  W,  explain  the  method  of  constructing  the  diagram  of  forces, 
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drawing  the  same,  and  distinguishing  those  bars  which  act  as  struts  from 
those  which  act  as  ties. 

4.  The  lower  boom  of  a  Warren  Girder,  supported  at  both  ends,  is 
divided  into  three  bays.  The  upper  boom  has  two  bays,  and  the  bracing 
bars  are  each  inclined  at  60°  to  the  horizon.  Find  by  graphic  construction 
the  stresses  in  the  several  pieces  when  the  frame  is  loaded  with  1,000  lbs. 
at  the  middle  of  the  top  boom. 


STRESS    DIAGRAM 
Lattice  Gtrt>kr  tor  Queottoh  7. 

5.  A  Warren  Girder  has  five  bays  consisting  of  equilateral  triangles.  If 
it  be  supported  at  each  end  and  loaded  at  the  two  bottom  central  joints 
with  loads  of  18,000  lbs.,  find  graphically  the  stress  on  each  member,  and 
show  whether  it  is  tensile  or  compressive.  Explain  fully  the  reasons  and 
theory  of  the  method  you  employ  in  obtaining  your  result. 
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6.  A  Warren  Girder  of  six  bays  with  equilateral  bracing,  each  bay  being 
10  feet  long,  is  loaded  with  a  distributed  weight  of  1  ton  per  foot  run 
placed  along  the  top  of  the  girder ;  obtain  the  diagram  of  stress,  and  cal- 
culate the  stresses  in  the  various  members,  assuming  that  cotan.  60°=  '577, 
cosec.  60°=  1155.     An*. 

7.  A  lattice  girder  is  loaded  in  the  manner  shown  by  the  foregoing 
figure.  Draw  the  Stress  Diagram  by  the  method  explained  in  the  text,  and 
see  if  you  get  the  same  results  as  shown. 

8.  A  bar  of  pine  44  inches  long  rests  on  props  at  its  extremities,  and  just 
supports  10  weights,  of  14  lbs.  each,  hung  at  equal  intervals  of  4  inches 
along  the  rod.  Find  graphically  the  B  M  at  the  centre  of  the  bar  and  the 
amount  of  a  single  weight,  which,  if  hung  at  the  centre  of  the  bar,  would 
stress  it  to  the  same  extent  (see  figure).     Am.  43*27  lbs. 

70U*.  wn*- 

*  u  u  1 1  n  u  * 

Beam  for  Question  8. 


A* 


tof  to, 

Beam  for  Question  9. 

9.  A  horizontal  uniform  bar,  18  inches  long,  is  laid  over  two  supports, 
each  4  inches  from  its  ends,  as  shown  in  the  figure.  Find  graphically  two 
points  at  which  the  bending  moment  is  zero,  the  bar  being  loaded  by  its 
own  weight  (see  figure).     Am.  2  inches  from  inside  of  supports. 

10.  Given  an  iron  arched  rib,  hinged  at  both  ends,  and  a  system  of 
vertical  loads,  show  how  we  find  the  stress  at  any  point  of  any  section. 
Prove  the  rule  for  stress  at  any  point  of  a  section  when  we  know  the  result- 
ant of  all  the  forces  acting  on  the  structure  on  one  side  of  the  section. 

11.  A  beam,  ABODE,  has  a  vertical  supporting  force  at  A  ;  at  £  there 
is  a  pin  joint  support.  AB  is  5  feet,  BC  is  2  feet,  CD  is  6  feet,  DE  is  4 
feet.  There  are  vertical  loads  of  2  tons  at  B  and  3  tons  at  D,  and  at  G 
there  is  a  load  of  5  tons  inclined  at  30°  to  the  vertical,  its  horizontal 
component  being  towards  A.  All  forces  in  one  plane.  Find  the  sup- 
porting forces,  graphically  or  otherwise.     (S.  &  A.  Adv.  Exam.,  1897.) 

12.  Suppose  the  vertical  loads  and  supporting  forces  of  a  horizontal 
beam  to  be  known,  show  how  we  find  ( 1 )  the  total  shearing  force  at  any 
section,  (2)  the  position  of  the  neutral  line,  (3)  the  tensile  or  compressive 
stress  at  any  place.     Prove  your  statements.     (S.  and  A.  Adv.,  1899.) 

13.  In  calculating  by  graphical  methods  the  tensile  or  compressive 
forces  in  the  several  members  of   braced  girders,  why  is  it  usual  to 
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represent  the  weight  of,  or  upon,  the  several  bars,  by  equivalent  forces 
acting  at  the  joints,  and  to  assume  that  the  joints  are  frictionless  pin 
joints  or  hinges  ?  A  Warren  girder  has  6  equal  bays  on  the  bottom  flange, 
the  girder  is  90  feet  span  and  13  feet  deep.  It  is  loaded  with  a  weight  of 
20  tons  resting  on  the  apex  of  the  top  flange,  which  is  37  feet  6  inches 
from  the  left  abutment.  Determine  either  graphically  or  analytically  the 
forces  in  the  diagonals  and  flanges  of  the  girder  produced  by  this  load. 

(S.  and  A.  Adv.,  1899.) 
14.  A  railway  bridge  over  a  road  is  40  feet  span.  An  engine  with  its 
tender  stands  upon  the  bridge.  The  weights  on  the  leading,  the  driving, 
and  the  trailing  axles  of  the  engine  are  9,  15,  and  7  tons  respectively, 
while  the  load  on  the  three  axles  of  the  tender  is  7  tons  on  each.  The 
engine  stands  so  that  the  leading  axle  is  2£  feet  from  the  end  of  the 
bridge,  and  the  distance  between  the  centres  of  the  engine  axles  is  8  feet, 
and  oetween  the  tender  axles  is  4  feet  6  inches,  while  between  the  trailing 
axle  of  the  engine  and  the  leading  axle  of  the  tender  is  8  feet.  Draw  the 
bending  moment  and  shearing  force  diagrams  for  the  above  position  of  the 
engine,  and  write  down  the  maximum  value  of  the  bending  moment 
and  also  the  value  and  position  of  the  maximum  shearing  force. 

(S.  and  A.  Adv.,  1899.) 
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1.  A  framed  girder,  8  feet  deep,  supported  at  the  ends,  with  doable 
triangulation,  has  the  bracing  bars  inclined  at  45°.  The  girder  has  seven 
b-iya,  each  12  feet  long,  and  carries  at  each  joint  of  the  bottom  boom  a  load 
of  3  tons  and  at  each  top  joint  a  load  of  6  tons.  Find  the  total  stress  in 
each  of  the  inclined  bracing  bars  and  in  the  top  boom  in  the  second  bay 
from  the  left  end.    (I.C.E.,  Oct.,  1897. ) 

2.  A  plate-girder  is  required  to  carry  a  fixed  load  of  1  ton  per  foot  run 
and  a  rolling  load  of  1£  ton  per  foot  run.  Clear  span  75*  feet.  Draw  the 
diagrams  of  maximum  bending  moment  and  maximum  shearing  force. 
Curves  may  be  sketched  in  if  three  or  four  points  are  determined.  (I.C.E., 
Oct.,  1897.) 

3.  Design  a  centre  section  for  the  girder  in  the  previous  question,  taking 
the  depth  of  girder  at  8  feet,  and  the  working  stresses  at  4  tons  per  square 
inch  of  gross  section  in  compression,  and  5  tons  per  square  inch  of  net  sec- 
tion  in  tension.  Assume  thickness  of  plates  and  size  of  rivets  as  you  think 
best.     (I.C.E.,  Oct.,  1897.) 

4.  The  platform  of  a  bridge  160  feet  span  is  carried  by  cross-girders 
icsting  on  the  lower  joints  of  a  pair  of  Warren  girders  (the  members 
inclined  at  60°).  Assuming  eight  bays,  find  the  stress  on  each  member  of 
the  girders  due  to  a  uniform  load  of  4  tons  per  foot  run  covering  the 
platform.     (I.C.E.,  Oct.,  1899.) 

5.  If  a  uniformly  distributed  travelling  load  of  4  tons  per  foot  run 
traverse  the  bridge  of  the  preceding  question,  describe  how  the  stress  due 
to  it  on  the  centre  diagonals  of  the  Warren  girders  varies  during  the 
passage,  and  find  the  magnitude  of  that  stress  when  the  load  extends  from 
one  end  to  the  centre.  Compare  it  with  that  due  to  the  fixed  load. 
(I.C.E.,  Oct.,  1899.) 

6.  A  cantilever  girder  bridge  consists  of  a  central  girder  span  2a,  the 
extremities  of  which  are  jointed  to  the  ends  of  cantilevers  of  length  c 
projecting  from  the  piers.  The  bridge  is  uniformly  loaded  throughout  the 
span ;  find  the  straining  actions  at  any  point,  and  explain  how  they  are 
reduced  by  the  cantilever  construction  as  compared  with  a  simple  girder 
bridge  of  the  same  total  span.     (I.  C.  E. ,  Oct. ,  1 899. ) 

7.  A  beam  is  strengthened  by  the  addition  of  tension  rods  below 
attached  to  the  lower  end  of  a  vertical  strut  supporting  the  centre,  the 
whole  forming  a  simple  triangular  truss  of  given  span  and  depth.  Find 
the  stress  on  each  member  of  the  truss  when  loaded  with  a  weight  in  the 
centre.     (I.C.E.,  Oct.,  1899.) 

8.  Find  the  centre  of  gravity  of  the  area  in  one  corner  of  an  equilateral 
triangle  cut  off  by  its  inscribed  circle.     (I.C.E.,  Feb.,  1900.) 

9.  A  beam  is  strengthened  by  the  addition  of  tension  rods  below 
attached  to  the  lower  ends  of  two  vertical  Btruts  dividing  the  span 
into  three  equal  parts,  the  whole  forming  a  simple  trapezoidal  truss. 
Find  the  stress  on  each  member  when  the  beam  carries  a  uniformly  dis- 
tributed load,  and  describe  the  effect  of  a  load  which  is  not  uniformly 
distributed.    (I.C.E.,  Feb.,  1900.) 

10.  Explain  how  you  would  find  experimentally,  and  also  by  calculations 
the  centre  of  gravity  of  a  uniform  board  of  any  given  shape.  A  ship,  with 
its  equipment,  weighs  6,000  tons.  How  far  will  its  centre  of  gravity 
move  if  a  gun  weighing  30  tons  is  moved  a  distance  110  feet  across  the 
deck.    (I.C.E.,  Feb.,  1901.) 
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1 1 .  A  light  framework,  consisting  of  four  jointed  rods  in  the  form  of  a 
trapezoid  ABCD,  and  a  fifth  rod  connecting  D  and  B,  and  having  A  B 
parallel  to  C  D,  is  suppo  ted 

at  D  and  C  with  D  C  hori- 
zontal. It  is  now  loaded 
with  100  lbs.  at  A  ;  find  the 
pressures  on  the  supports  at 
L>  and  C  and  the  stresses 
in  the  various  rods.  The 
dimensions  are  A  B  =  7, 
BC  =  AD  =15,  DB-20, 
DC  *  25. 

(I.C.E.,  Jtt.,1901.)  t  A      44_41 

1 2.  A  beam,  A  B  C  D  E,  has  a  vertical  supp  rting  force  at  A.  At  E  there 
is  a  pin-joint  support.  A  B  is  5',  B  C  is  2',  C  D  is  6',  D  £  is  4 .  There  are 
vertical  loads  of  two  tons  at  B,  and  3  tons  at  D,  and  at  C  there  is  a  load 
of  5  tons  inclined  at  30°  to  the  vertical,  its  horizontal  component  being 
towards  A.  The  beam  is  symmetrical  in  section  and  weighs  J  ton.  All 
tho  forces  are  in  one  plane.  Find  graphically  the  supporting  force  at  A 
and  the  reaction  of  the  pin-joint  support  at  E.     (I.C.E.,  Oct.,  1901.) 

13.  The  cross  section  of  a  cast-iron  girder  has  the  following  dimensions : 
total  depth  12  inches,  top  flange  3  inches  by  1  inch,  bottom  flange  9  inches 
by  2  inohes,  thickness  of  web  1±  inch.  Assuming  the  web  to  be  of  uniform 
thickness  throughout,  and  all  the  corners  and  edges  to  be  square,  find 
yraphically  the  position  of  the  •«  centre  of  area,"  or '* centre  of  gravity  of 
the  section.     (Draw  the  section  half-full  size.)     (I.C.E.,  Feb.,  1WW.) 

14.  A  continuous  girder  consists  of  two  spans.  One  span  of  100  feet  is 
loaded  with  1  j  tons  per  foot  run,  the  second  span  of  80  feet  is  loaded  with 
2*  tons  per  foot  run.  Find  the  values  of  the  supporting  forces,  and  the 
maximum  bending  moment  for  the  whole  girder.  Both  ends  of  the  girder 
are  free.     (I.C.E.,  Feb.,  1902.)  m         ^      f  '. 

15.  Find,  by  graphic  construction,  the  centre  of  gravity  of  a  section  of  an 
X  beam,  top  flange  4  inches  by  1  inch,  web,  between  flanges,  14  inches  by 
U  inch,  bottom  flange  9  inches  by  2  inches.     (I.C.E.,  Oct.,  1902.) 

16.  A  parabolic  girder  has  4  bays,  verticals  from  the  intersection  of  the 
straight  members  of  the  upper  chord  support  the  cross-girders  :  the  upper 
ends  of  the  two  verticals  at  quarter  and 
three-quarters  the  length  are  connected  by 
braces  to  the  feet  of  the  centre  vertical,  show 
that  the  length  of  these  braces  is  a  measure 
of  the  maximum  stress  they  will  have  to 
sustain,  on  the  same  scale  that  the  1  ngth 
of  the  lower  chord  represents  the  horizontal  stress  when  the  live  load 
covers  the  span.     (I.C.E.,  Oct.,  1902.) 

17.  A  roof,  as  in  sketch,  is  loaded  as  shown;  find  the  stresses  in  its 
members.     (I.  C.  E. ,  Oct. ,  1 902. ) 
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18.  A  girder  100  feet  long  is  supported  20  feet  from  each  end,  and 
carrieB  a  uniform  load  of  2  tons  per  foot  run ;  draw  the  diagrams  of 
bending  moment  and  shearing  force.     (I.C.E.,  Oct.,  1902.) 

19.  A  Warren  girder,  length  100  feet,  is  divided  into  five  bays  on 
the  lower  flange,  the  length  of  the  inclined  braces  being  20  feet; 
if  loads  of  30  tons  are  carried  by  the  girder  at  the  joints  20  feet  and 
40  feet  from  one  end,  find  the  stresses  in  the  members.    (I.C.E.,  Feb. ,  1903. ) 

20.  If  a  uniform  live  load  moves  over  the  bridge  in  the  previous  question, 
in  what  positions  of  it  would  maximum  stresses  in  the  various  members 
be  produced  ?    (I. C.  E. ,  /  eh. ,  1903. ) 

21.  A  girder  100  feet  long  is  supported  at  each  end  and  in  the  middle,  and 
carries  a  uniform  load  of  2  tons  per  foot  run.  Draw  the  bending  moment 
and  shearing  force  diagrams,  and  find  the  pressure  on  each  support. 
(I.C.E.,  Feb.,  1903.) 
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LECTURE   XXIX. 

Contents.— Stress— Definition  of  Intensity  of  Stress — Relation  between 
Normal  and  Tangential  Stresses— Strain— Example  I.— Coefficient  or 
Young's  Modulus  of  Elasticity— Limit  of  Elasticity — Work  done  in 
i*tretching  a  Bar — Resilience— Kxample  II.— Sudden  Pull  or  Live 
Load— Shrunk  Rings— Example  III.  -  Strength  of  Thin  Cylinders — 
Helical  Seams— Strength  of  Thick  Cylinders— Example  IV.-— Strength 
of  Suspended  Chains  and  Wires — Example  V.— Questions. 

Stress. — When  a  piece  of  material  is  subjected  to  the  action  of 
external  forces  they  tend  to  cause  the  material  to  change  its 
Bhape  or  form.  The  particular  way  in  which  the  change  takes 
place  depends  upon  the  manner  in  which  the  load  is  applied. 
This  tendency  gives  rise  to  certain  forces  within  the  material 
which  offer  resistance  to  the  change.  These  internal  forces  are 
generally  called  stresses;  but  the  term  Stress  which  we  have  now 
to  consider  has  a  somewhat  more  definite  meaning.  By  the 
principle  of  the  equality  of  action  and  reaction,  we  know  that  so 
long  as  no  rupture  of  the  material  takes  place,  the  algebraic  sum 
of  the  components  of  the  internal  forces  in  the  direction  of  the 
load  at  any  section  of  the  material  must  be  equal  to  the  load. 
This  principle  enables  us  to  express  trie  interned  in  terms  of  the 
external  forces.  It  is  a  fundamental  fact  that,  for  a  given  load, 
the  amount  of  resistance  to  be  contributed  by  each  individual 
fibre  or  part  composing  a  section  will  be  less  or  greater,  accord- 
ing as  the  number  of  such  fibres  or  parts  is  greater  or  less ;  or  as 
we  usually  regard  it,  according  as  there  is  more  or  less  area  of 
section.  This  introduces  us  to  the  conception  of  distributed 
force,  and  paves  the  way  towards  gaining  definite  and  clear  ideas 
regarding  the  strength  of  materials. 

Definition.— Intensity  of  stress  is  the  resistance  or  reaction 
due  to  a  load  per  unit  area  of  section.  For  brevity  it  is  usually 
called  the  Stress.  Stresses  may  be  of  three  different  kinds, 
depending  on  the  direction  of  the  applied  force  with  reference  to 
the  section  on  which  the  stress  is  estimated. 

(1)  If  the  applied  force  is  normal  or  at  right  angles  to  the 
section,  and  acting  away  from  it,  the  stress  is  called  tensile. 
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!2)  If  acting  towards  the  flection,  the  stress  is  termed  compressive. 
3)  If  the  direction  ol   the  applied  force  be  parallel  to  the 
section,  then  the  stress  is  named  a  shearing  stress. 

It  is  evident  that  if  the  applied  force  be  acting  in  a  direction 
inclined  to  the  given  section,  it  will  cause  both  a  shearing  and  a 
direct  stress,  the  latter  being  tensile  or  compressive,  according 
as    the    force   is   directed    away   from    or 
towards  the  section. 

When  the  applied  force  acts  in  such  a 
way  that  we  know  that  its  effect  is  uni- 
formity distributed  over  the  section  we  are 
considering,  then  we  estimate  the  stresses 
as  follows : — 

Let  Pn  =  The  applied  load  (or  its  com- 
ponent) acting  normally  to  the 
section  in  lbs  or  tons. 

„  A  =  The  area  of  the  section  (usually 
in  square  inches). 

„  f  —  The  direct  stress,  which  maybe 
either  tensile  or  compressive. 

„  P(  =  The  applied  load  (or  its  com- 
ponent) acting  tangentially 
to  the  section  in  lbs.  or  tons. 
The  shearing  stress. 


it    f* 
Then, 


And, 


Illustrating  Normal 

AND   TaNOKNTLAL 

Strbssks. 


J         A 
ft       A  ' 


(I) 


Relation  between  Normal  and  Tangential  Stresses.— Let 
abed  be  the  section  of  a  bar  normal  to  the  direction  of  the 
applied  force  P,  and  efgh  another  section  making  an  angle  0, 
with  the  direction  of  P;  and  let  the  area  of  a  be  d  be  A  square 
inches. 

Thus,  the  stress  on  abed  ia: — 

/-i. 

But,  on  the  area  e/g  A,  we  have  a  normal  force  :— 
Pn  -  P  sin  tf, 

And  a  tangential  force : — 

Pt  =  P  cos  J. 

area  abed  _     A 
sin  6  sin  f 


Now,  the  area  efgh 
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If  fn  and  f%  be  the  normal  and  tangential  stresses  on  the  section 
ef9K 

We  have :—  f%  _  ijl  _  Jl.  sin2  *  «   /  .  sin2  *. 

sin  0 
Similarly,  we  get:—/    =  /.  sin  0  .  cos  0. 

Strain. — When  a  piece  of  material,  such  as  a  bar  of  iron,  is  in 
tension  or  compression  under  the  action  of  an  applied  force  P, 
the  bar  will,  in  consequence,  be  lengthened  or  shortened  by  an 
amount  depending  on  the  extent  to  which  it  is  stressed.  The 
ratio  which  this  change  of  length  bears  to  the  original  length  of 
the  bar  is  called  the  strain  due  to  P.     Or  in  symbols, — 

If,  L  =  Original  length  of  bar  in  inches. 

And,  I   =a  Change  of  length  of  bar  also  in  inches. 

We  have :—  Strain  -    ~ (II) 

Since  L  and  I  are  both  actual  lengths,  measured  by  some 
common  unit,  the  student  should  carefully  note  that  strain,  as 
thus  defined,  is  merely  an  abstract  ratio,  and  not  a  quantity,  for 
it  is  independent  of  the  units  employed. 

Example  I. — A  tie-rod,  100  ft.  long,  is  stretched  J  of  an  inch 
by  the  action  of  a  certain  force ;  what  is  the  strain  1 

Here,  L  -  100  x  12  =  1,200  inches, 

And,  I  =  0-75  inch. 

Strain  =  ^^  =  0-000825. 

Coefficient,  or  Modulus  of  Elasticity. — Experiment  has  demon- 
strated that  for  most  materials  used  in  engineering  there  is 
a  very  simple  law  eonnecting  stress  and  strain,  which  is  fairly 
well  defined  within  certain  limits.  The  stress  is  proportional 
to  the  strain,  so  long  as  the  stress  does  not  exceed  a  certain 
value,  which,  of  course,  is  different  for  different  materials  and 
for  different  qualities  of  the  same  material.  For  example, 
if  the  stress  be  doubled,  the  strain  will  be  doubled,  or  if  the 
stress  be  reduced  to  one-half,  the  strain  will  also  be  halved,  and 
so  on.  The  limit  beyond  which  this  law  does  not  hold  is  termed 
the  Limit  of  Elasticity.  When  this  limit  is  exceeded,  the  strain 
increases  at  a  much  greater  rate  than  the  stress  producing  it 
Within  the  limit  of  elasticity,  the  material  returns  to  its 
original  state  when  the  load  is  removed';  but  when  stressed 
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beyond  this,  the  material  does  not  do  so,  but  retains  a  permanent 
set.  In  the  following  investigations  the  stress,  in  all  cases,  is* 
assumed  to  be  within  the  elastic  limit : — 

Consequently,       g     .     =  E  (a  constant) (Ill) 

This  E  is  termed  Young's  Modulus  of  Elasticity,  or  more  appro- 
priately by  some  writers  the  Coefficient  of  Elasticity. 

Another  way  of  exhibiting  the  relation  subsisting  among  the 
various  quantities  we  have  been  discussing,  is  to  combine  equa- 
tions (I),  (II),  and  (HI)  in  such  a  way,  as  to  express  the  stress 
and  strain  in  terms  of  loads  and  dimensions. 

Thus,  E  =  I^ 

Or,  PL  =  A/E (IV) 

Ultimate  Strength. — The  ultimate  strength  of  a  material  is 
the  resultant  stress  which  produces  rupture.  It  is  usually 
reckoned  as  so  many  lbs.  or  tons  per  square  inch  of  the  section 
of  the  material.  It  is  always  understood  that  the  section  taken 
is  the  original  section  of  the  bar,  and  not  that  at  the  instant 
and  point  of  fracture. 

Working  Load. — The  working  stress  on  a  member  of  any 
structure  is  the  maximum  stress  to  which  it  is  subjected  in 
actual  practice. 

Factors  of  Safety. — The  ratio  of  the  ultimate  strength  or 
limiting  stress  to  the  safe  working  load,  is  termed  the  factor  of 
safety  of  the  material.  To  determine  the  proper  value  of  the 
"  factor  of  safety,"  a  number  of  considerations  must  be  taken 
into  account.  A  great  deal  depends  on  the  quality  of  the 
materials  and  upon  the  manner  in  which  different  structures 
are  stressed,  such  as  the  action  and  frequency  of  the  working 
load 

1st.  The  load  may  be  a  constant  dead  load — i.e.,  one  which  is 
steady  and  produces  no  appreciable  vibration. 

2nd.  The  load  may  be  a  live  load,  such  as  a  regiment  of 
walking  soldiers,  or  a  rolling  load,  in  the  case  of  a  moving 
railway  train,  passing  over  a  bridge. 

3rd.  Where  the  quality  of  materials  is  variable  or  liable  to 
change,  the  factor  of  safety  must  be  larger,  than  for  more  uniform 
materials  and  for  those  which  are  less  affected  by  exposure  to 
atmospheric  and  other  deteriorating  influences. 

4th.  In  structures  where  the  whole  load  cannot  be  ascertained 
with  accuracy,  the  factor  of  safety  must  be  increased,  to  allow 
for  the  unknown  stressing  actiona 
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5th.  In  some  structures,  there  is  a  liability  to  a  sudden  increase 
in  the  working  load.  Thus,  in  the  case  of  a  crane,  where  the 
weight  may  be  allowed  to  descend  rapidly  and  then  be  suddenly 
stopped,  the  maximum  stress  may  be  very  much  greater,  than 
that  due  to  the  statical  weight. 

It,  is,  therefore,  necessary,  that  these  special  stresses  be  duly 
allowed  for  in  the  "  factor  of  safety." 

Table  of  Ultimate  Strength  and  Working  Stress  of  Mate- 
rials when  in  Tension,  Compression,  and  Shearing. 


Ultimate  Strength. 

Working  Stress. 

Materials. 

Tons  per  sq.  Inch. 

Tons  per  sq.  inch. 

Ten- 

Com- 

Shear- 

Ten- 

Com-      Shear- 

sion. 
7  5 

pression. 

ing. 
14 

sion. 

pression.;     ing. 

Cast  iron,    . 

45 

1-5 

9 

3 

Wroucht-iron  bare, 
Steel  bars,   . 

25 

20 

20 

5 

35 

4 

45 

70 

30 

9 

9 

5 

Copper  bolts, 

15 

25 

... 

3 

5 

Braes  sheet, 

14 

... 

3 

... 

... 

Table  of  Factors  of  Safety.* 


Material. 

Factors  op  Safety  for 

A  Dead 
Load. 

A  Live  or  Varying 
Load  producing 

In 

Structures 
subjeot  to 

Varying 
Loads  and 

Shocks. 

Stressor 

one  kind 

only. 

Equal 

Alternate 

Stresses 

of  different 

ktods. 

Cast  iron,  and  brittle  metal 
and  alloys,  .... 

Wrought  iron  and  mild  steel, . 

Cast  steel,       .... 

Copper  and  other  soft  metals 
and  alloys,  .... 

Timber, 

Masonry  and  brickwork, 

4 
3 
3 

5 

7 

20 

6 
5 
5 

6 
10 
30 

10 

8 
8 

9 
15 

15 
12 
15 

15 
20 

*  These  numbers  were  taken  from  Prof.  Unwinds  Elements  of  Machine 
Design,  dec.  They  are  all  larger  and  safer  than  those  given  in  Prof. 
Rankine's  Rides  and  Tables.— A.J. 
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To  find  the  Factor  of  Safety  for  a  Mixed  Load. — "  Given  the 
proportions  of  live  and  dead  load  on  a  structure,  to  find  the 
factor  of  safety  for  a  mixed  load ;  multiply  the  factor  of  safety 
for  a  dead  load,  by  a  number  proportional  to  the  dead  part  of 
the  load,  and  the  factor  of  safety  for  a  live  load  by  the  number 
proportional  to  the  live  part  of  the  load  ;  add  together  the  pro- 
ducts, and  divide  by  the  sum  of  the  multipliers." — (Eankine.) 

Example. — In  an  iron  bridge,  suppose 

Dead  load  :  live  load  : :  5  :  4. 

Then,  from  the  above  table,  we  get  (3  x  5)  +  (5  x  4)  =  35 ; 
and  35  -=-  (5  +  4)  =  4,  as  the  factor  of  safety  for  mixed  loads. 

Work  done  in  Stretching  a  Bar.— Resilience If  a  load  of 

gradually  increasing  amount  be  applied  to  a  bar  so  as  to  stretch 
it,  the  amount  of  actual  stretch,  or  elongation  of  the  bar  will, 
with  the  limitations  already  specified,  be  directly  proportional  to 
the  load  producing  it.  A  diagram  might,  therefore,  be  drawn  to 
represent  graphically  the  work  done  in  stretching  the  bar,  as 
explained  in  Lecture  II.  of  Volume  I.  The  area  of  the  diagram 
would  represent  the  work  done.  The  load  will  increase  uni- 
formly from  0  to  P.  The  mean  value  of  the  force  doing  the 
work  is,  therefore,  \  P,  and  the  stretch  or  displacement  is  /. 
Hence,  we  have  for  the  work  done : — 

W  =  \  P  I 

But  from  equations  (I)  and  (III) — 

P=/A,  andJ=^. 


Hence, 


P      AL 

E   *     2 


Or,  W=^x  J  volume  of  the  bar. 


oo 


The  work  done  is  therefore  proportional  to  the  volume  of  the 
bar,  or  to  its  weight. 

When  the  bar  is  loaded  to  its  elastic  limit,  or  proof  stress,  as 
it  is  sometimes  called,  then  the  work  done  in  stretching  it  is 

termed  the  Resilience  of  the  bar,  and  the  ratio  ~  is  its  Modulus 

hi 

or  Coefficient  of  Resilience. 

18 
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Example  II.— What  is  the  resilience  of  a  material?  If  a 
wrought-iron  tie  bar,  5  feet  long  and  3  inches  in  diameter,  has  a 
limit  of  elasticity  of  15  tons  per  square  inch,  and  a  modulus  of 
elasticity  of  30,000,000  lbs.  per  square  inch,  what  is  its  resilience) 

(Take  «r  =  y.)     (Adv.  S.  <fe  A.  Exam.  1893). 

Answer.— /  =  15  x  2240  lbs.,  E  =  30,000,000  lbs.  per  square 

1       22 
inch,  A  =  -  x   -    x  32  square  inches,  and  L  =  5  feet. 

-    x  32  x  5 

Sudden  Pull,  or  Live  Load. — We  have  just  seen  that  a  constant 
force  of  £P  lbs.  acting  through  a  distance  of  I  feet  will  do  the 
same  amount  of  work  in  stretching  a  bar  as  would  a  load 
gradually  increasing  from  zero  to  P  lbs.;  therefore,  the  strain 
produced  by  a  sudden  pull  of  £P  lbs.  is  the  same  as  that  due 
to  P  lbs.  applied  gradually.  It  follows,  therefore,  that  if  P  be 
applied  suddenly,  but  without  initial  velocity,  the  strain  will  be 
doubled,  and  the  work  done  will  be : — 

W  =  P  x  2  J  =  2  P  / ft.-lbs. 

Or,  in  words,  the  work  done  on  the  bar  by  a  suddenly 
applied  or  live  load  P,  is  four  times  that  done  by  a  gradually 
applied  or  dead  load  of  the  same  amount. 

Shrunk  Rings. — In  the  construction  of  built-up  guns,  the 
process  consists  in  shrinking  on  a  series  of  concentric  rings,  each 
ring  griping  the  next  inner  one  with  a  certain  pre-determined 
tension. 

The  reason  for  this  arrangement  will  be  better  understood 
when  we  come  to  deal  with  the  strength  of  thick  cylinders. 
The  principles  set  forth  in  the  preceding  sections  enable  us  to 
calculate  the  dimensions  of  rings  to  give  a  certain  grip. 

Let  D  =  The  external  diameter  of  an  inner  ring. 
,,     d  =  The  internal  diameter  of  the  next  outer  ring. 
f>    f  **  The  required  tension. 

When  the  outer  ring  is  shrunk  on,  its  diameter  is  then  D. 
The  inner  fibres  of  this  ring  are  then  stretched  by  an  amount 
nr  (D  —  d);  and  by  definition,  we  have  : — 

Strain  =  iS^fi.  _  £z£ 
<rd  d 
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If  E  denote  the  modulus  of  elasticity  of  the  material  of  the 
ring,  then : — 

stress f 


£« 


strain      D-d 
~d~ 

E 


Hence,  d  -  D  (j— ^). 


Example  III. — The  external  diameter  of  an  inner  ring  is  20 
inches.  Work  out  the  diameter  which  the  outer  ring  must 
have  in  order  to  grip  the  inner  one  with  an  initial  tension  of 
8  tons  per  sq.  inch.    Take  the  modulus  of  elasticity  as  30,000,000. 

Answer.— Here  D  =  20  inches,  and/=  8  x  2240  =  17,920  lbs. 
per  sq.  inch. 

Strength  of  Thin  Cylinders. — By  thin  cylinders  are  meant 
cylindrical  vessels  whose  thickness  is  small  compared  with  their 
diameter.  The  resistance  which  such  vessels  offer  to  forces 
tending  to  burst  them,  both  longitudinally  and  circumfer- 
ential ly,  is  easily  deduced  as  follows : — Consider  a  cylindrical 
ring,  whose  breadth  is  b  inches,  thickness  t  inches,  and  internal 
diameter  is  d  inches.  Let  p  denote  the  intensity  of  the  internal 
pressure,  in  lbs.  per  sq.  inch,  tending  to  burst  the  ring,  and /the 
induced  stress  within  the  material  of  the  ring,  also  in  lbs.  per  sq. 
inch. 

Then  the  magnitude  of  the  total  internal  force  tending  to  tear 
asunder  the  ring  at  the  ends  of  a  diameter  is  pdb  lbs.  And  the 
resistance  which  the  ring  offers  to  this  bursting  force  is  2  1 6/ lbs. 

These  being  equal,  we  have  : — 

2tbf  -  pdb     .'./=§£       ...     (VI) 

This  result  shows  that  the  stress,  in  a  circumferential  direc- 
tion, is  independent  of  the  length  of  the  cylinder. 

Whatever  be  the  form  of  the  ends  of  the  cylinder — whether 
they  be  flat  or  hemispherical — the  total  force  tending  to  cause 

rupture  circumferentially  is  p  -  d2  lbs. ;  resisting  this  force,  we 

have  a  ring  of  material  whose  total  sectional  area  is  *d  t  sq. 
inches. 
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Let    /[  be  the  longitudinal  stress  due   to   the   longitudinal 
bursting  force  ;  then  the  total  resistance  is  *  d  i  /\  lbs. 


And 


«r«*l/i-J>  j* 


Hence, 

From  this  we  see  that: — 


(VII) 


/i  =  i/ 


So  that  in  a  cylindrical  boiler,  which  comes  within  the 
category  of  thin  cylinders,  the  stress  in  a  longitudinal  direction 
is  only  one-half  of  the  stress  circumferentially. 

Helical  Seams. — If  we  made  a  boiler  of  rings,  joined  together 
circumferentially,  then,  so  long  as  the  strength  of  those  joints 
was  greater  than  one-half  that  of  the  solid  plate,  the  boiler 
would  still  be  as  strong  as  one  without  joints,  because  the  solid 
plate  longitudinally  would  still  be  weaker  than  the  circum- 
ferential joints.  When,  instead  of 
solid  rings,  these  are  made  up  of 
pieces  joined  together  longitudinally, 
it  is  obvious  that  the  strength  of  the 
boiler  is  determined  entirely  by  that 
of  its  longitudinal  joints,  unless  the 
circumferential  joints  are  less  than 
half  as  strong. 

As  a  compromise,  it  has  been  pro- 
posed to  have,  instead  of  circum- 
ferential and  longitudinal  joints,  one 
continuous  seam  running  spirally, 
called  a  helical  joint. 
Let  the  accompanying  figure  represent  a  portion  of  such  a 
boiler  flattened  out.  A  B  is  the  helical  seam,  which,  when 
flattened  out,  becomes  a  straight  line,  making  the  angle  6  with 
the  longitudinal  direction.  The  longitudinal  and  circumferen- 
tial stresses  are  represented  by  fx  and  f%  respectively.  The 
intensities  of  those  stresses  on  A  B  being  denoted  by  //  and/2', 
we  have : — 


Illustrating  Stress  on 
Hklical  Skams. 


and/2'  x  A  B  «  /2  x  A  0. 
and/j'  =  f2  cos  0. 


/i'  x  AB^/j  x  BC; 

/i'=./isin*; 

Resolving  fx'  and  /2'  normally  to  A  B,  we  have,  for  the  total 
normal  stress : — 
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./;=// sin  I  +/3'coat 
„  =  /,  sin*  $  +  /2  oosa  i. 
But,  /,  -  i/r 

fn  =i/28in*#+/,co8*A 

Or,  -6.  -  1  -  £  sin*  A 

Let,  n-A0' 

-_  .  .  ,       B  C*  BO*  n* 

Then,  sin*  i  =  -j-: 


«     BC  +  AC*     n*  +  l 
Hence,  £=1  -  J.-J^-^    ....    (VIII) 

For  example,  if    n  =  1,  t.«.,  *  =  45°, 
Then,  f±  -  | . 

That  is  to  say,  that  the  normal  stress  on  a  spirally-running 
joint,  making  an  angle  of  45°  with  the  axis  of  the  boiler,  would 
be  three-fourths  of  that  on  a  longitudinal  joint.  With  joints  of 
equal  efficiency,  therefore,  the  helical  seam  would  be  33-3  per 
cent,  stronger  than  the  longitudinal  one. 

Strength  of  Thick  Cylinders. — When  the  thickness  of  a  cylin- 
drical vessel,  subjected  to  internal  pres- 
sure, is  not  small  in  comparison  with  its 
internal  diameter,  the  problem  requires 
to  be  treated  differently. 

A  complete  determination  of  the  strength 
of  thick  cylinders  of  all  proportions  is  not 
an  easy  matter;  and  as  for  an  accurate 
solution  of  the  problem,  the  thing  is  simply 
impossible. 

For  moderate  proportions  of  cylinders,  ^ ^ 

such  as  are  used  in  hydraulic  appliances,     lLLVSnATaQ  Ste41H  „ 
the  following  demonstration  yields  results         Thick  Cylihdkrs. 
fairly  substantiated  by  practice. 

If  such  a  cylinder  were  to  give  way  under  internal  pressure, 
the  plane  of  rupture  would  evidently  contain  the  axis  of  the 
•cylinder;  whilst  the  rupture  itself  would  appear  as  shown  in 
the  accompanying  figure.  From  this  figure  it  is  clear  that  the 
circumferential  stretch  is  the  same  from  the  inner  to  the  outer 
surface.  Now,  remembering  the  definition  of  strain  previously 
given,  it  is  obvious  that  in  this  case,  the  strain  in  any  cylindrical 
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Example  II. — What  is  the  resilience  of  a  material?  If  a 
wrought-iron  tie  bar,  5  feet  long  and  3  inches  in  diameter,  has  a 
limit  of  elasticity  of  15  tons  per  square  inch,  and  a  modulus  of 
elasticity  of  30,000,000  lbs.  per  square  inch,  what  is  its  resilience ? 

(Take  *r  =  y.)     (Adv.  S.  <fe  A.  Exam.  1893). 

Answer.—/  =  15  x  2240  lbs.,  E  =  30,000,000  lbs.  per  square 

1       22 
inch,  A  =  -  x  -^    x  32  square  inches,  and  L  =  5  feet. 

•*•  ReBUlenCe  -  W  *  U*2    X      =*  mQ»  ft-lbS- 

Sudden  Pull,  or  Live  Load. — We  have  just  seen  that  a  constant 
force  of  ^P  lbs.  acting  through  a  distance  of  I  feet  will  do  the 
same  amount  of  work  in  stretching  a  bar  as  would  a  load 
gradually  increasing  from  zero  to  P  lbs. ;  therefore,  the  strain 
produced  by  a  sudden  pull  of  £P  lbs.  is  the  same  as  that  due 
to  P  lbs.  applied  gradually.  It  follows,  therefore,  that  if  P  be 
upplied  suddenly,  but  without  initial  velocity,  the  strain  will  be 
doubled,  and  the  work  done  will  be : — 

W  =  Px2Z  =  2P/  fb.-lbs. 

Or,  in  words,  the  work  done  on  the  bar  by  a  suddenly 
applied  or  live  load  P,  is  Jour  times  that  done  by  a  gradually 
applied  or  dead  load  of  the  same  amount. 

Shrunk  Rings.— In  the  construction  of  built-up  guns,  the 
process  consists  in  shrinking  on  a  series  of  concentric  rings,  each 
ring  griping  the  next  inner  one  with  a  certain  pre-determined 
tension. 

The  reason  for  this  arrangement  will  be  better  understood 
when  we  come  to  deal  with  the  strength  of  thick  cylinders. 
The  principles  set  forth  in  the  preceding  sections  enable  us  to 
calculate  the  dimensions  of  rings  to  give  a  certain  grip. 

Let  D  =  The  external  diameter  of  an  inner  ring. 
,,     d  =  The  internal  diameter  of  the  next  outer  ring. 
„    y«  The  required  tension. 

When  the  outer  ring  is  shrunk  on,  its  diameter  is  then  D. 
The  inner  fibres  of  this  ring  are  then  stretched  by  an  amount 
cr  (D  —  d)  \  and  by  definition,  we  have  : — 

Strain  =  1&Z*L  =  5^£ 
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If  £  denote  the  modulus  of  elasticity  of  the  material  of  the 
ring,  then : — 

stress  f 


E 


strain      D-  d 
~d~ 

E 


Hence,  d  =  D  (g— ^) 


Example  III. — The  external  diameter  of  an  inner  ring  is  20 
inches.  Work  out  the  diameter  which  the  outer  ring  must 
have  in  order  to  grip  the  inner  one  with  an  initial  tension  of 
8  tons  per  sq.  inch.    Take  the  modulus  of  elasticity  as  30,000,000. 

Answer.— Here  D  «  20  inches,  and/=  8  x  2240  =  17,920  lbs. 
per  sq.  inch. 

,      on       30,000,000     1rtA0.     , 

Strength  of  Thin  Cylinders. — By  thin  cylinders  are  meant 
cylindrical  vessels  whose  thickness  is  small  compared  with  their 
diameter.  The  resistance  which  such  vessels  offer  to  forces 
tending  to  burst  them,  both  longitudinally  and  circumfer- 
entially,  is  easily  deduced  as  follows: — Consider  a  cylindrical 
ring,  whose  breadth  is  b  inches,  thickness  t  inches,  and  internal 
diameter  is  d  inches.  Let  p  denote  the  intensity  of  the  internal 
pressure,  in  lbs.  per  sq.  inch,  tending  to  burst  the  ring,  and /the 
induced  stress  within  the  material  of  the  ring,  also  in  lbs.  per  sq. 
inch. 

Then  the  magnitude  of  the  total  internal  force  tending  to  tear 
asunder  the  ring  at  the  ends  of  a  diameter  is  p  db  lbs.  And  the 
resistance  which  the  ring  offers  to  this  bursting  force  is  2  t  b /lbs. 

These  being  equal,  we  have  : — 

2*6/-  pdb    .-.    /=  g£      ...     (VI) 

This  result  shows  that  the  stress,  in  a  circumferential  direc- 
tion, is  independent  of  the  length  of  the  cylinder. 

Whatever  be  the  form  of  the  ends  of  the  cylinder — whether 
they  be  flat  or  hemispherical — the  total  force  tending  to  cause 

qp 

rupture  circumferentially  is  p  -  d2  lbs. ;  resisting  this  force,  we 

have  a  ring  of  material  whose  total  sectional  area  is  «r  d  t  sq. 
inches. 
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Example  II.— What  is  the  resilience  of  a  material?  If  a 
w rough t-iron  tie  bar,  5  feet  long  and  3  inches  in  diameter,  has  a 
limit  of  elasticity  of  15  tons  per  square  inch,  and  a  modulus  of 
elasticity  of  30,000,000  lbs.  per  square  inch,  what  is  its  resilience? 

(Take  *  =  y .)    (Adv.  S.  <fc  A.  Exam.  1893). 

Answer.— /  =  15  x  2240  lbs.,  E  =  30,000,000  lbs.  per  square 

1       22 
inch,  A  =*  -j  x    -    x  32  square  inches,  and  L  =  5  feet. 

11       o2       . 
_    ...             (15  x  2240)2       14  *        X  flfiCAO  -  1V 

•'•  R6BllienC6  "    30,000,000    x  2 665,2S  ft"lbS' 

Sudden  Pull,  or  Live  Load. — We  have  just  seen  that  a  constant 
force  of  ^P  lbs.  acting  through  a  distance  of  /  feet  will  do  the 
same  amount  of  work  in  stretching  a  bar  as  would  a  load 
gradually  increasing  from  zero  to  P  lbs. ;  therefore,  the  strain 
produced  by  a  sudden  pull  of  £P  lbs.  is  the  same  as  that  due 
to  P  lbs.  applied  gradually.  It  follows,  therefore,  that  if  P  be 
upplied  suddenly,  but  without  initial  velocity,  the  strain  will  be 
doubled,  and  the  work  done  will  be  : — 

W  =  Px2U2P/  fb.-lbs. 

Or,  in  words,  the  work  done  on  the  bar  by  a  suddenly 
applied  or  live  load  P,  is  four  times  that  done  by  a  gradually 
applied  or  dead  load  of  the  same  amount 

Shrunk  Rings. — In  the  construction  of  built-up  guns,  the 
process  consists  in  shrinking  on  a  series  of  concentric  rings,  each 
ring  griping  the  next  inner  one  with  a  certain  p  re-deter  mined 
tension. 

The  reason  for  this  arrangement  will  be  better  understood 
when  we  come  to  deal  with  the  strength  of  thick  cylinders. 
The  principles  set  forth  in  the  preceding  sections  enable  us  to 
calculate  the  dimensions  of  rings  to  give  a  certain  grip. 

Let  D  =  The  external  diameter  of  an  inner  ring. 
,,     d  =*  The  internal  diameter  of  the  next  outer  ring. 
„    y^  The  required  tension. 

When  the  outer  ring  is  shrunk  on,  its  diameter  is  then  D. 
The  inner  fibres  of  this  ring  are  then  stretched  by  an  amount 
*  (D  —  d);  and  by  definition,  we  have  : — 

Strain  =  '  V>-*>  .  £^£ 

<*d  d 
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If  E  denote  the  modulus  of  elasticity  of  the  material  of  the 
ring,  then : — 

stress  f 


£  = 


strain      D-d 
~d~ 

E 


Hence,  d  =  D  (  ^  —  A 


Example  III. — The  external  diameter  of  an  inner  ring  is  20 
inches.  Work  out  the  diameter  which  the  outer  ring  must 
have  in  order  to  grip  the  inner  one  with  an  initial  tension  of 
8  tons  per  sq.  inch.    Take  the  modulus  of  elasticity  as  30,000,000. 

Answer.— Here  D  =  20  inches,  and/=  8  x  2240  =  17,920  lbs. 
per  sq.  inch. 

Strength  of  Thin  Cylinders. — By  thin  cylinders  are  meant 
cylindrical  vessels  whose  thickness  is  small  compared  with  their 
diameter.  The  resistance  which  such  vessels  offer  to  forces 
tending  to  burst  them,  both  longitudinally  and  circumfer- 
entially,  is  easily  deduced  as  follows: — Consider  a  cylindrical 
ring,  whose  breadth  is  b  inches,  thickness  t  inches,  and  internal 
diameter  is  d  inches.  Let  p  denote  the  intensity  of  the  internal 
pressure,  in  lbs.  per  sq.  inch,  tending  to  burst  the  ring,  and/ the 
induced  stress  within  the  material  of  the  ring,  also  in  lbs.  per  sq. 
inch. 

Then  the  magnitude  of  the  total  internal  force  tending  to  tear 
asunder  the  ring  at  the  ends  of  a  diameter  is  p  db  lbs.  And  the 
resistance  which  the  ring  offers  to  this  bursting  force  is  2  t  b /lbs. 

These  being  equal,  we  have : — 

2lb/-  pdb    ../=§£      •••     (VI) 

This  result  shows  that  the  stress,  in  a  circumferential  direc- 
tion, is  independent  of  the  length  of  the  cylinder. 

Whatever  be  the  form  of  the  ends  of  the  cylinder — whether 
they  be  flat  or  hemispherical — the  total  force  tending  to  cause 

rupture  circumferentially  is  p  -d?  lbs. ;  resisting  this  force,  we 

have  a  ring  of  material  whose  total  sectional  area  is  «r  d  t  sq. 
inches. 
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Weight  of  Chains. — The  weight  of  chains  in  lbs.  per  foot  may 
be  expressed  from  the  equation,  w  —  9  cPy  where  d  =  diameter 
of  iron  in  inches. 

The  following  tables  are  given  by  Professor  Unwin,  M.  I nst. 0.  E., 
in  his  Elements  of  Machine  Design;  also,  in  Design  of  Structures^ 
by  Mr.  S.  Anglin,  C.E.,  Wh.Sc.  The  breaking  strengths  were 
calculated  from  the  Woolwich  experiments. 

Table  of  Strength  and  Weight  of  Close-Link  Crane 
Chains,  and  Size  of  Equivalent  Hemp  Cable. 


Diameter  of 

ironrf 
in  inches. 

Weight  of 

chain 
per  fathom. 

Breaking 

■trengthin 

tone. 

Totting 
load  in  tons. 

Girth  of 

equivalent 

rope  In  Inches 

Weight 
of  rope  In  lba. 
per  fathom. 

i 

35 

1-9 

0-75 

2 

U 

A 

6*0 

3  0 

110 

24 

14 

f 

8-5 

43 

1-6 

3* 

24 

A 

11-0 

50 

2-3 

4 

3} 

4 

14-0 

7-7 

3-0 

4J 

5 

A 

180 

9-7 

38 

54 

7 

* 

24-0 

12*0 

4-6 

ei 

84 

« 

28*0 

14  6 

5-6 

7 

104 

i 

315 

17  3 

68 

74 

12 

H 

37  0 

20-4 

79 

8* 

15 

t 

44  0 

231 

9-1 

9 

174 

« 

00  0 

26  1 

10*5 

94 

191 

1 

66  0 

293 

120 

10 

22 

H 

710 

36*3 

15-3 

11* 

27f 

11 

87*5 

441 

18-8 

124 

344 

li 

105*8 

528 

22*6 

131 

414 

i* 

126*0 

62-3 

27*0 

15 

49* 

SUSPENDED  CHAINS. 
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Table  op  Strength  and  Weight  op  Studded-Link  Cable. 


Diameter  of 

Iron  d in 

Inobeib 

Weight  in 
Lbn.  per 
Fathom. 

Breaking 

Strength  In 

Tons. 

Teat  Load 
in  Tons. 

Girth  of  Equi- 
valent Rope 
in  Inches. 

Weight  of 
Rope  in  Lbs. 
per  Fathom. 

t 

24 

9'5 

7 

64 

9 

H 

28 

114 

8* 

7* 

12 

t 

92 

135 

104 

8 

14 

i 

44 

20*4 

13| 

94 

194 

i 

68 

243 

18 

104 

224 

H 

72 

29*5 

22} 

12 

30} 

i* 

90 

38*5 

284 

134 

391 

i| 

110 

48*5 

34 

15 

m 

« 

126 

59*5 

404 

16 

65 

it 

145 

66*5 

474 

17 

62 

U 

170 

741 

664 

18 

68| 

H 

196 

92-9 

63i 

20 

86 

2 

290 

995 

72 

22 

104 

2| 

266 

112 

811 

24 

124 

2t 

285 

126 

91* 

26 

145 

Strength  of  Suspended  Chains  and  Wires.— When  a  uniformly 
heavy  chain  or  wire  is  suspended  between  two  points,  to  find 
the  equation  to  the  curve  in  which  it  hangs,  and  the  tension  at 
any  point.  Let  T  be  the  tension  at  any  point  P  ;  and  H,  that 
at  the  lowest  point  O.  If  W  be  the  weight  of  the  part  O  F  of 
the  chain,  it  is  evident  that  O  P  will  be  in  equilibrium  under 
the  action  of  three  forces — the  tensions  at  O  and  P  and  its  own 
weight  W,  acting  through  its  centre  of  gravity.  These  three 
forces,  therefore,  must  pass  through  some  point  K,  in  O  x,  such 
that  K  P  will  be  a  tangent  to  the  curve  at  the  point  P.  Let 
the  curve  be  referred  to  the  co-ordinate  axes,  O  *,  O  y,  and  let 
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ONs=^andNP=ylOP  =  «.     Also  let  w  be  the  weight  of 


IlAUSTRATING  STBKNGTH  OP  SUSPENDED  CHAINS. 

a  unit  length  of  chain,  and  for  H  write  m  w.     Resolving  ver- 
tically and  horizontally,  we  get : — 

Tsin  p  =  W  =  *t0.     Tcosp  =  H  =  roto. 

*L o) 

1  1  8 


Hence,  tan  <p  =  —  :  or.  ^= 
m       '  dx 


But, 


ds  r     cosecp     ^/cot2p+l     Jm**** 

»y= 


^/w2  +  a2' 
Integrating  this  expression,  we  have : — 

y  =  Vw2  +  *2  +  0. 
To  find  the  value  of  the  constant  C,  we  know  that  *  =  0,  when 

y  =  o. 

0  =  m  +  C, 
Or,                               CU-m. 
So  that,                 y  +  w=^/m2  +  «2. 
and,  therefore,             «  =  ^(y  +  m)2  -  m2. 
Substituting  this  value  of  *  in  (1),  and  inverting : — 
cta_ m 

dy~ J(y  +  rnf-mr 
Multiplying  each  side  by  dy,  and  integrating,  we  get : — 

sc  =  w».  loge  {(y  +  m)  +  ^/(y  +  m)2  -  m2}  +0. 

When      a;  =  0,  y  =»  0,  then : — 0  «  -  m. .  log,  w. 


Hence,     «- m  .  log,  J  y  +  ™)  + V(y +  ™)2-™2j. 


(2) 
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Equation  (2)  is  sometimes  useul  in  the  solution  of  problems. 
In  order  to  get  the  equation  to  the  curve  in  which  the  chain 
hangs,  or,  in  other  words,  the  relation  between  x  and  y,  we  write 
(2)  as  follows  : — 


x 
m 


•*  \m^m'-1} 


Where  e  is  the  base  of  the  Napierian  or  hyperbolic  logarithms. 
Now.  since : — 


{(^WC-S5)'-1}  •  {C^-V^r)'-1 }  -' 


(XI) 


=     1. 

Now,  adding  (3)  and  (4)  and  reducing,  we  have  finally : — 

Or,  y= \  je^-e~2mj 

The  curve  whose  equation  is  (XI)  is  called  a  catenary. 
To  find  T,  the  tension  at  any  point,  we  have  : — 

m       8W  8 

sin  f  ^/s*  +  m* 

=  to  .  s/8*  +  w*2' 
But  V**  +  m2^y  +  m- 

T  =  w(y  +  m) (XII) 

When  the  curve  is  very  flat,  as  in  the  case  of  telegraph  wires, 
then  *  =  x  approximately,  and  (1)  becomes   -^  =  — . 
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Multiplying  by  dx  and  integrating,  we  get :— 

y  =  m <xm> 

This  requires  no  correction,  because  x  and  y  vanish  together. 

Example  V. —  A  telegraph  wire,  which  weighs  ^  of  a  lb.  per 
yard,  is  stretched  between  poles  on  level  ground,  so  that  the 
greatest  dip  of  the  wire  is  3  feet.  Find  approximately  the 
distance  between  the  poles  when  the  tension  at  the  lowest  point 
of  the  wire  is  140  lbs.     (Hons.  S.  and  A.  Exam.,  1891.) 

Answer. — Here,  H  =  140,  y  =  3  ft,  and  w  =  ^;and  since: — 


H 

=  tnw 

•   • 

140 

=  in  x 

1 
.10' 

Or, 

m 

=  4200. 

Putting 
becomes  :— 

these 
3 

valune  of 
*2 

y  and 

m 

in 

equation 

(XIII), 

it 

_  2  x  4200 

x  =   ^3  x  2  x  4200  -  158-7  ft. 
Distance  between  poles : — 

=  2»=  2  x   158-7  =  3174  ft. 
If  the  more  exact  equation  (2)  be  u^ed,  then  : — 

4203  +  V4203*  -  4200* 


\  x  -  2  x  4200  x 


C 


4200 
=  8400  x  log,  |L« 
-  8400  x  0-0374  =  314-16  ft. 
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Lecture  XXIX. — Questions. 

1.  What  do  you  understand  by  tho  terms  strain,  stress,  and  modulus  oj 
elasticity  ?  A  tie  rod  100  feet  long,  and  of  2  square  inches  sectional  area,  is 
stretched  three-quarters  of  an  inch  under  a  tension  of  32,00i)  lbs.  What  is 
the  intensity  of  the  stress,  the  strain,  and  the  modulus  of  elasticity 
under  these  circumstances?  Ans.  16,000  lbs.  per  square  inch;  0 -0006 25  ; 
25,MO,000. 

2.  A  ship  is  moored  by  two  cables  of  90  feet  and  100  feet  in  length  re- 
spectively. The  first  cable  stretches  2|  inches,  and  the  second  stretches  3 
inches,  under  the  pull  of  the  ship ;  find  the  strain  of  each  cable.  (S.  and 
A.  Exam.,  1889.)    Ans.  000243;  0*0025. 

3.  Define  the  term  Resilience.  Show  that  the  work  done  on  a  material 
by  a  live  load  is  four  times  that  done  by  an  equal  dead  load.  A  wrougbt- 
iron  tie  rod  20  feet  long  and  '5  square  inch  cross  sectional  area  bears  a  dead 
load  of  5,000  lbs.  Find  the  work  done  on  stretching  the  rod  by  this  load. 
What  live  load  would  produce  an  instantaneous  elongation  of  another 
rV  inch  ?    Take  E  =  30,000,000.     Ans.  333  ft. -lbs.  ;  3,125  lbs. 

4.  A  rod  of  iron  25  feet  long  and  2  square  inches  cross  sectional  area 
checks  a  weight  of  80  lbs.,  which  falls  from  a  height  of  20  feet  before  be- 

f'noing  to  strain  it.     Find  the  greatest  stress  and  strain  produced.     Take 
=  25,000,000.     Ans.  39,960  lbs.  per  square  inch  ;    0016. 

5.  If  the  modulus  of  elasticity  of  a  piece  of  steel  in  lbs.  per  square  inch  is 
32,000,000,  how  much  would  a  bar  |  of  an  inch  in  diameter  and  25  inches 
long  extend  under  a  load  of  10  tons  ?  If  its  limit  of  elasticity  is  21  tons 
per  square  inch,  what  is  its  resilience  ? 

6.  What  is  the  resilience  of  a  bar  ?  A  bar  of  steel  is  J  inch  in  diameter, 
and  30  inches  in  length,  and  is  under  a  tensile  pull  of  10  tons,  what  is  the 
work  stored  up  in  the  bar,  the  modulus  of  elasticity  being  32,000,000  lbs. 
per  square  incn  ? 

7.  Built-up  guns  are  made  of  concentric  rings,  the  outer  hoops,  or  rings, 
being  shrunk  or  forced  upon  inner  tubes  with  a  regulated  tension.  Sup- 
posing the  external  diameter  of  the  inner  tube  to  be  12  inches,  and  that  the 
substance  of  its  covering  hoop  is  to  have  given  to  it  an  initial  grip  of  4  tons 
per  square  inch  of  its  sectional  area  ;  the  exterior  diameter  of  this  second 
hoop  is  18  inches,  and  is  to  be  covered  with  a  third  hoop,  having  an  initial 
jjrip  of  8  tons  per  square  inch  of  its  sectional  area ;  will  you  work  out 
in  arithmetic  the  difference  of  dimensions  that  will  afford  the  above 
conditions  T 

8.  Prove  that  when  a  thin  spherical  shell  is  exposed  to  the  bursting 
pressure  of  gas  or  liquid  the  stress  in  the  material  is  half  as  preat  as  that 
within  the  curved  surface  of  a  thin  cylindrical  shell  exposed  to  the  like 
pressure,  each  shell  being  of  the  same  thickness  and  diameter. 

9.  A  long  thin  pipe  of  given  internal  radius  is  subjected  to  fluid 
pressure ;  find  the  tension  of  the  material  of  the  pipe.  If  the  internal 
radius  of  the  pipe  is  6  inches,  and  the  thickness  of  the  pipe  0*5  inch,  what 
fluid  pressure  per  square  inch  would  increase  the  radius  of  the  pipe  by 
O'OOl  inch  ?  The  modulus  of  elasticity  being  20,000,000,  and  the  elasticity 
of  the  material  being  supposed  to  continue  perfect.  Ans.  277*7  lbs.  per 
square  inch. 
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10.  A  steel  hydraulic  cylinder,  10  feet  long  and  6  inches  in  diameter,  acts 
as  a  brake  on  a  lift.  It  has  a  movable  piston  fitted  with  a  spring  valve, 
the  cylinder  being  full  of  liquid  when  the  lift  is  at  its  highest  position,  and 
the  piston  and  rod  at  the  end  of  the  stroke  inside  the  cylinder.  It  was 
found  that  when  the  lift  began  to  descend  the  internal  pressure  was  1,000 
lbs.  per  square  inch,  which  gradually  rose  to  2,000  lbs.  when  the  piston 
had  travelled  9  feet.  Treating  the  cylinder  as  a  thin  one,  what  would  be 
the  law  of  variation  of  thickness  at  different  points  ?    Prove  the  formula. 

11.  A  uniformly  heavy  chain  is  suspended  from  two  given  points:  find 
the  equation  to  the  curve  in  which  it  hangs,  and  the  tension  at  any  point 
of  the  curve. 

12.  Prove  that  the  tendency  of  a  thin  cylindric  pipe  to  burst  laterally 
(neglecting  the  strength  of  flanges,  Ac.)  is  twice  as  great  as  to  burst 
endwise. 

A  wrought-iron  pipe  is  2  feet  diameter,  £  inch  thick,  its  working  stress 
IB  5  tons  to  the  square  inch,  but  strength  of  plate  is  diminished  30  per 
cent,  because  of  riveted  joint.  What  is  the  working  pressure  ?  What 
head  of  water  does  this  correspond  to  ?    (8.  &  A.  Adv.  Exam.,  1897. ) 

13.  Prove  the  law  for  the  tensile  stress  produced  in  a  thick  cylinder 
Sy  internal  fluid  pressure.  Describe  how  we  attempt  by  chilling  to  give 
maximum  strength.     (Hons.  S.  &  A.  Exam.,  1897.) 

14.  A  steel  tube  5  inches  internal  and  7  inches  external  diameter  has 
steel  strip  wound  on  it  to  the  external  diameter  of  12  inches  under  a  con- 
stant winding  tensile  stress  of  15  tons  per  square  inch.  What  is  the 
stress  at  any  place  in  the  solid  metal  or  the  winding  7  (S.  &  A.  Hons. 
Exam.,  Part  II.,  1898.) 

15.  If  a  thin  vessel  is  subjected  to  fluid  pressure,  p>  inside  (in  excess  of 
the  outside  pressure),  prove  that  the  total  bursting  force  at  any  plane 
section  is  pA  if  A  is  the  area  of  the  whole  section.  How  do  we  calculate 
the  tensile  stress  in  the  section  a  of  the  metal?  Find  the  rule  for  the 
stress  in  a  thin  spherical  vessel.  Does  the  rule  apply  to  a  thick  vessel? 
Give  reasons  for  your  answer.     (S.  and  A.  Adv.,  1899.) 

16.  State  clearly  how  we  arrive  at  a  rule  for  the  proper  thickness  of  a 
pipe,  proving  any  formula  used  by  you.  In  fixing  the  proper  value  of  the 
stress  that  the  material  (say  cast-iron)  will  stand,  why  do  we  not  use  the 
results  of  experiment  on  cast-iron  test  pieces  in  tension  ? 

(B.  of  E.  Adv.,  1901.) 

17.  Knowing  the  axial  and  lateral  strains  in  a  tie  bar  of  homogeneous 
material  when  subjected  to  a  tensile  force,  show  how  we  calculate  the 
modulus  of  rigidity  of  the  material.     (B.  of  E.  H.,  Part  I.,  1901.) 

18.  A  tube  3  inches  internal  and  8  inches  external  diameter  is  subjected 
to  a  collapsing  pressure  of  5  tons  per  square  inch ;  show  by  curves  the 
radial  and  circular  stresses  everywhere.  Prove  your  formulae.  The  limits 
of  elasticity  are  not  supposed  to  be  exceeded.     (B.  of  E.  H.,  Part  I.,  1901.) 

19.  A  horizontal  circular  tube  of  steel  is  7  feet  diameter,  &  inch  thiok, 
100  feet  long  supported  at  the  ends,  its  total  load  distributed  uniformly  all 
over  being  30  tons,  what  are  the  greatest  stresses  in  the  metal  ?  The  tube 
is  filled  with  compressed  air,  what  must  its  pressure  be  if  there  is  just  no 
compressive  stress  in  the  metal?  State  what  is  now  the  nature  of  the 
8 tress  in  the  metal  at  the  place  where  it  is  greatest. 

(B.  of  E.  H.,  Parti.,  1902.) 
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Lbotube  XXIX.— C.  &  G.  Exam.  Questions. 

1.  A  steam  engine  has  a  piston  18  inches  in  diameter,  and  the  greatest 
difference  of  steam  pressure  between  the  two  sides  of  the  piston  when  the 
engine  is  at  work  is  120  lbs.  per  square  inch :  what  must  the  piston-rod 
diameter  be  in  the  body  of  the  rod  if  the  greatest  intensity  of  stress  per 
square  inch  is  not  to  exceed  2,500  lbs.  ?    (G.  &  G.,  1900,  O.,  Sec  B. ) 

2.  The  links  of  a  chain,  are  made  out  of  l£-inch  round  bar  iron,  having 
a  tenacity  in  pure  tension  of  22*5  tons  per  square  inch  :  what  load  could 
be  safely  lifted  with  such  a  chain  if  the  stress  is  not  to  exceed  |th  of  the 
breaking  stress  of  the  chain  ?  You  may  assume  that  only  three-quarters  of 
the  full  tenacity  would  be  developed  in  the  material  before  rupture,  when 
worked  up  into  the  form  of  a  link.     (C.  &  G.,  1900,  O.,  Sec.  B.) 

3.  How  much  would  a  steel  tie-bar  3  inches  in  diameter  and  25  feet  6 
inches  Ions  extend  under  a  total  load  of  33  tons  ?  The  modulus  of  elasticity 
of  the  steel  is  12,500  tons  per  square  inch.     (C.  &  G.,  1900,  0.,  Sec.  B.) 

4.  A  cylinder  10  inches  in  diameter  has  a  cover  fixed  on  by  1 J -inch 
studs.  The  internal  fluid  pressure  is  200  lbs.  per  square  inch  above  the 
atmospheric  pressure.  How  many  such  studs  would  you  employ  if  the 
tensile  stress  per  square  inch  at  the  bottom  of  the  threads  is  not  to  exceed 
2,500  lbs.?  (The  diameter  at  the  bottom  of  the  thread  of  a  bolt  =  0*9 
diameter  of  bolt  -  -05  inch.)    (0.  &  G.,  1901,  0.,  Sect.  B.) 
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Lecture  XXIX.— A.M. Inst. C.E.  Exam.  Questions. 

1.  Show  that  a  chain  supported  at  its  ends  and  carrying  a  load  which  is 
uniform  per  foot  of  the  span  hangs  in  a  parabolic  curve.  Hence  find 
approximately  the  pull  in  a  telegraph  wire  when  the  span,  the  dip,  and 
the  weight  of  the  wire  are  given.     (1.  C.  E. ,  Oct. ,  1 897. ) 

2.  Distinguish  between  stress  and  strain.  A  round  bar  20  feet  long  and 
2  inches  In  diameter  is  stretched  -fa  inch  by  a  load  of  7  tons,  applied 
along  the  axis.  Find  the  intensity  of  stress  on  a  cross-section  and  the 
coefficient  of  elasticity  of  the  material.     (I.C.E.,  Oct.,  1897.) 

3.  The  greatest  stress  permissible  being  5,000  lbs.  per  square  inch,  find 
the  shortest  rod  of  1  square  inch  section  which  can  be  safely  used  to  check 
a  weight  of  50  lbs.  falling  3  feet.     Take  E  =  12,000  tons  per  square  inch. 

(I.C.E.,  Oct.,  1897.) 

4.  Compare,  in  general  terms,  the  three  rods  shown  in  the  sketch  as 

regards  their  suitability  to  withstand  tensions! 
f^~\  P^n  ^^1  stresses  produced  by  impacts  of  given  energy, 
■  I  I  I  I  I  dealing  both  with  the  magnitude  and  distribution 
^   '      *     '  of  the  stresses.     (I.C.E.,  Feb.,  1898.) 

5.  Prove  that  the  shape  of  a  hanging  chain  loaded 
uniformly  horizontally  is  parabolic.  The  points  of 
support  are  50  feet  and  70  feet  above  the  lowest 

□  point   in  the  chain,  and  the   horizontal  distance 

/     \  r* — \     between  the  points  of  support  is  300  feet.     The 
II  load  is  3  tons  per  foot  horizontal,  state  the  pull  in 

1>J  l^wj     the  chain  at  the  points  of  support  and  the  middle. 
^^  (I.C.E.,  Oct.,  1898.) 

6.  Describe  the  particular  distributions  of  load  under  which  an  equili- 
brated suspension  chain  would  hang  in  the  following  curves: — (a)  a 
parabolic  arc,  (b)  the  common  catenary,  (c)  the  curve  of  sines. 

(I.C.E.,  Oct.,  1898.) 

7.  Explain  the  meaning  of  the  following  terms,  giving  some  verbal 
illustrations:  (a)  modulus  of  elasticity;  (b)  elastic  limit;  (c)  permanent 
set ;  (d)  plastic  elongation ;  (e)  ultimate  elongation ;  (/)  contraction  of 
area.     (I.C.E.,  Feb.,  1899.) 

8.  By  how  much  would  a  wrought- iron  tie-bar  be  elongated  under  a 
direct  pull  of  30  tons,  if  its  length  were  30  feet,  and  its  cross- section 

5  inches  by  1  inch?    (Assume  E  =  12,000  tons.)    (I.G.E.,  Feb.,  1899.) 

9.  A  standard  test  bar  of  cast  iron,  1  inch  broad  and  2  inches  deep,  laid 
upon  supports  3  feet  apart,  is  found  to  deflect  just  ^  inch  under  a  central 
load  of  25  cwts.  Calculate  the  modulus,  E,  and  also  the  apparent  tensile 
Btress  in  the  extreme  fibre.     (I.C.E.,  Feb.,  1899.) 

10.  Explain  the  terms  (a)  stress,  (6)  strain,  (c)  elasticity,  and  state  the 
law  connecting  (a)  and  (6)  when  the  elasticity  of  a  material  is  perfect.  A 
steel  tie-rod,  1  inch  diameter  20  feet  long,  stretches  J  inch  under  a  pull  of 

6  tons  :  find  the  modulus  of  elasticity.     (i.C  E.t  Oct.,  1899.) 

1 1.  Prove  the  ordinary  formula  which  gives  the  stress  on  the  material  of 
a  cylindrical  boiler-shell  of  given  diameter  and  thickness  under  a  given 
internal  fluid  pressure,  explaining  carefully  the  conditions  under  which  it 
is  approximately  correct  and  stating  the  reasons  why  it  cannot  generally 
be  used  for  an  external  pressure.  (I.C.E.,  Oct.,  1899.)  {See  my  "  Text- 
Book  on  Steam  and  Steam  Engines  "for  further  treatment.) 
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12.  Find  the  curve  in  which  a  string,  whose  weight  is  neglected, 
uniformly  loaded  horizontally,  would  hang.     (I.C.E.,  Oct.,  1899.) 

13.  If  the  load  on  the  platform  of  a  suspension  bridge  be  uniformly 
distributed  show  that  the  chains  hang  in  a  parabola,  the  weight  of  the 
chains  and  suspending  rods  being  omitted  from  the  calculation.  Find 
the  pull  at  any  point  of  the  chain,  and  assuming  the  chains  attached 
to  the  top  of  the  piers,  find  the  moment  tending  to  overturn  them. 
Describe  the  arrangements  adopted  in  practice  to  prevent  this. 

(I.C.E.,  .Feb.,  1900.) 

14.  What  is  the  modulus  of  elasticity  (Young's  modulus)  and  how  is  it 
measured  ?  Mention  some  of  the  practical  questions  which  depend  upon 
its  value  in  different  materials.     (I.C.  E.,  Oct.,  1900.) 

15.  'Assuming  the  modulus  to  be  12,000  tons  in  iron  wire,  what  would  be 
the  elongation  of  a  wire  originally  1000  feet  in  length,  due  to  its  own 
weight  when  suspended  vertically  ?    ( I . G.  E. ,  Oct. ,  1 9(H). ) 

16.  An  iron  telegraph  wire  is  stretched  tot  ween  a  pair  of  supports 
160  feet  apart,  and  hangs  with  a  sag  of  2  feet  in  the  middle.  Assuming 
its  weight  to  be  uniformly  distributed  over  the  span,  find  the  tensile 
stress  per  square  inch  at  the  centre.  The  weight  of  a  cubic  inch  of  iron 
may  be  taken  at  0*27  lb.     (I.C.E.,  Feb.,  1901.) 

17.  Explain  the  meaning  and  uses  of  a  factor  of  safety,  stating  what 
factor  you  would  select  for  the  following  cases: — (a)  A  girder  of  mild 
Bteel  carrying  the  dead  weight  of  a  wall,  (b)  A  steel  cross-girder  in  a 
railway  bridge.     (I.C.E.,  Feb.,  1901.) 

1 8.  In  a  tensile  test  of  a  piece  of  flat  wrought-iron  bar,  the  following 
results  were  obtained : — 

(i.)  Original  dimensions  of  cross-section  2010  inches  by  0  505  inch, 
(ii.)  Final  dimension  of  cross-section  at  point  of  fracture  1' 520  inch 

by  0  410  inch, 
(iii.)  Gross  load  at  limit  of  elasticity  34,500  lbs. 
(iv.)  Gross  load  at  fracture  53,100  lbs. 
(v.)  Total  extension  on  length  of  10  inohes  =  1*46  inch, 
(vi. )  Extension  on  10"  length  under  a  gross  load  of  20,000  lbs.  =  r/n'\ 

Find  from  the  above  data : — (a)  The  modulus  of  elasticity  of  the  material ; 
(b)  the  limit  of  elasticity  and  tenacity  per  square  inch ;  (c)  the  reduction  of 
area  per  cent.  ;  (d)  the  approximate  work  done  per  cubic  inch  of  the 
material  in  fracturing  the  bar.     Would  you  consider  this  good  material  ? 

(I.C.E.,  Oct.,  1901.) 

19.  A  foot-bridge  10  feet  in  width  is  carried  over  a  river  100  feet  in  width 
by  two  cables  of  uniform  section,  with  a  dip  of  10  feet  in  the  centre.  Find 
the  greatest  pull  on  the  cables,  their  cross-sectional  area,  length  and 
weight  for  the  following  data : — Maximum  load  on  platform  120  lbs.  per 
square  foot.  Working- stress  in  metal  of  cables  4  tons  per  square  inch. 
Weight  of  cable  material  per  cubic  foot  484  lbs.     (I.C.E.,  Oct.,  1901.) 

20.  A  short  cylindrical  block  is  subject  to  a  simple  push,  P,  in  the  direction 
of  .its  axis.  Find  an  expression  for  the  normal  ana  tangential  forces  on  a 
plane  whose  normal  is  inclined  to  the  axis  of  the  block  at  an  angle,  6 ; 
and  show  that  the  tangential  force  has  its  maximum  value  when  0  is  45°. 

(LC.E.,  Feb.,  1902  ) 

21.  A  suspension  bridge  has  a  span  of  200  feet,  the  dip  of  the  chains  is 
64  feet,  and  the  weight  of  the  roadway  carried  2,800  lbs.  per  foot  run. 
Calculate  the  tension  at  the  middle  and  at  the  two  ends  of  each  of  the  two 
chains.    (I.C.E.,  Feb.,  1902.) 
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22.  In  the  roof  truss  given  find  the  stresses  in  the  different  members  due 
to  a  normal  wind  pressure  of  27  lbs.  per  square  foot,  acting  on  the  left- 
hand  side  of  the  roof  if  the  principals 
are  8  feet  apart.  (I.C.E.,  Feb  ,  1902.) 
23.  Assuming  that  the  stresses  due 
to  the  dead  loads  on  the  above  roof 
have  been  similarly  determined,  show 
how  you  would  determine  the  sizes  of 
the  tie-bars  (a)  say.  Assume  some 
value  for  the  stresses  due  to  dead  load, 
and  also  assume  that  the  severest  stresses  due  to  the  wind  are  those 
obtained  in  the  previous  question.     (I.C.E.,  Feb  ,  1902.) 

24.  A  connecting-rod  of  an  engine  is  b°  feet  long  and  4  inches  in  diameter 
at  the  centre.  What  factor  of  safety  does  it  possess  when  subjected  to  a 
pure  compressive  force  of  14J  tons  ?  The  rod  is  steel.  (I.C.  E. ,  Feb. ,  1902. ) 
V5.  A  mild  steel  tie-rod  is  mado  of  angle-bar  4  inches  by  4  inches  by  J  inch 
and  is  24  feet  long.  If  it  is  subjected  to  a  direct  pull  of  21  tons,  what  is 
the  intensity  of  tensile  stress  per  square  inch,  and  how  much  will  it 
elongate  under  the  load.     (I.C.E.,  Feb.,  1902.) 

26.  A  round  wrought- iron  rod  is  25  feet  long  and  1  inch  in  diameter, 
find  the  tensile  load  which  would,  if  suddenly  applied,  instantaneously 
elongate  the  bar  by  0*08  inch.     (I.C.E.,  Feb.,  1902.) 

%n.  Wrought  iron  expands  Hrhnrth  of  its  length  for  every  15°  rise  of 
temperature  ( Fahrenheit).  Find  the  highest  temperature  at  which  a  rivet 
should  be  closed,  if  the  stress  due  to  cooling  is  not  to  exceed  15  tons  per 
square  inch.      Modulus  of  elasticity  28,000,000  lbs.  per  square  inch. 

(I.C.E,  Oct.,  1902.) 

28.  A  chain,  with  its  two  ends  level,   carries  concentrated  loads  at 

5  points  along  its  length  ;    show  how  to  find  graphically  the  position 

and  amount  of  the  resultant  of  the  loads  and  the  amount  of  the  vertical 

reaction  of  the  supports      (I.C.E.,  Feb.,  1903.) 
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LECTURE  XXX. 

Contbkts.—  Torsional  Strength  of  Shaf to—  Examples  I.,  II.,  and  III.— 
Strength  of  Shafts  subjected  to  Combined  Twisting  and  Bending — 
Theorem— Examples  IV.  and  V.— Stiffness  of  Shafts— Angle  of  Twist 
— Example  VI. — Table  of  Powers  Transmitted  by  Shafts — Questions. 

Torsional  Strength  of  Shafts.  — In  order  to  transmit  energy 
through  a  shaft,  the  driving  force  must  be  applied  at  some 
distance  from  its  centre.  The  driving  force  and  its  effective 
leverage,  therefore,  constitute  what  is  termed  a  Taming  or 
Twisting  Moment  (T.M.)  which  puts  the  shaft  in  a  state  of 
twist  or  torsion.  The  tendency  of  a  purely  torsional  moment 
applied  to  a  shaft  is  to  cause  the  shaft  to  shear  in  planes 
normal  to  its  axis,  and  this  has  to  be  met  by  the  shearing 
resistance  of  the  material,  which  resistance  must,  of  course, 
be  of  the  nature  of  a  moment.  The  resistance  the  shaft  offers 
to  twisting  we  term  its  Torsional  Resistance  (T.R.);  and  as  this 
balances  the  turning  moment,  we  have  : — 


T.M. 


T.R. 


We  have  now  to  find  the  value  of  T.R.,  as  depending  on  the 
material  and  dimensions  of  the  shaft,  and  shall  confine  ourselves 
to  shafts  of  circular  section — solid  and  hollow.  Suppose  the 
accompanying  figure  to  represent  an  end  view  of  a  shaft ;  and 
suppose  A  8  and  a  6  to  have  been  parallel  diameters  of  two 
sections  very  near  to  each  other  when  the  shaft  was  at  rest ; 
then,  when  the  shaft  is  at  work  trans- 
mitting energy,  the  diameters,  A  8  and 
a  6,  will  no  longer  be  parallel,  but  will 
make  an  angle  with  each  other,  as 
shown.  A  longitudinal  section,  through 
the  axis  of  a  shaft,  which  is  a  plane 
when  the  shaft  is  at  rest,  thus  becomes 
a  screw  surface  when  the  shaft  is 
working.  We  shall  have  occasion  later 
to  measure  this  angle  of  twist ;  but  in 
the  meantime  we  are  mainly  concerned 
with  the  distribution  of  shearing  stress 
within  the  shaft. 
Looking  at  the  figure,  we  easily  see  that  the  strain  in  any 
ring  of  fibres  must  be  proportional   to  the  arc  of  this  ring 


Illustrating  Strain 
in  a  Shajt. 
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which  is  included  between  the  diameters  A  B  and  a  b,  when 
these  are  twisted  out  of  parallelism  by  the  turning  moment. 
Within  the  elastic  limit  of  the  material,  therefore,  it  follows 
that  the  shearing  stress  in  any  ring  of  fibres  is  proportional  to 
the  radius  of  that  ring. 

Therefore,  let/  =  the  greatest  shearing  stress,  in  lbs.  per  sq. 
inch,  permissible  in  the  material  of  the 
shaft. 
D  =  the  outside  diameter, 
d  =  the  inside  diameter  of  the  shaft,  both  in 
inches. 
And  x  «=  the  radius  of  any  ring  of  fibres  within  the 

material  of  the  shaft. 

Then  the  shaft  must  be  so  proportioned  that  /shall  be  the 
value  of  the  stress  in  its  outermost  fibres  which  are  £  D  inches 
from  the  centre.  Consequently,  from  what  has  already  been 
said,  we  have  : — 

Stress  at  *--pj/-2j|/ 

Consider,  now,  the  ring  of  fibres  at  x  inches  from  the  shaft 
centre,  whose  radial  thickness  is  d  x  inches.  The  sectional  area 
of  this  elementary  ring  will  =  2*xdx  sq.  inches;  and  its 
resistance  to  shearing  will  be 

2vxdx  x   =p/lbs.  ss  — ^ x*dx  lbs. 

Now,  the  leverage  at  which  this  resisting  ring  of  fibres  acts,  is 

4*"/ 
x  inches ;  therefore,  its  moment  of  resistance  is    ^r  a?  d  x  x   x, 

4x/ 
or  — =p  Xs  dx  inch-lbs. 

Hence,  summing  up  the  moments  of  resistance  of  all  such 
elementary  rings  which  go  to  make  up  the  shaft,  we  get: — 

T.R.  =-^ffx*dx, 


"oil r-J 

Uf\      D     )' 
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Hence,  for  hollow  shafts,  we  have : — 

For  solid  shafts,  we  make  d  =  0,  and  get : — 

T.R-  ^Tfif (II) 

It  is  instructive  to  compat  e  the  torsional  resistances  of  solid 
and  hollow  shafts  of  the  same  weight  and  material.  For  this 
purpose  let  T>1  be  the  outer  diameter  of  hollow  shaft. 

Then,  if  we  neglect  couplings,  and  consider  the  shafts  to  be  of 
equal  length,  the  weights  will  simply  be  proportional  to  their 
sectional  areas ;  i.e.: — 

Weight  of  hollow  shaft      D?  -  d* 
Weight  of  solid  shaft      ""       D2      * 

For  equal  weights,  this  ratio  is  unity ;  therefore  we  have 
the  relation  : — 

D2  =  D?  -  d* 

Or,  D  -  JW^d*. 

Now,  we  have  from  equations  (I)  and  (II) : — 

T.R.  of  hollow  shaft      Df  -  d*      D?  +  d*      D?  -  <*' 
T.R  of  solid  shaft     "  D2  x  D3      ^  x  D  *  ~~W~ 
D?  +  d*  D?  +  d% 

"  Di  x  D  "  D1  x  ^Dj^y 

It  will  simplify  matters  if  we  put  d  =  x  x  Dv  where  a;  is  a 
proper  fraction,  we  then  have  : — 

T.R  of  hollow  shaft         1  +  x* 
T.R.  of  solid  shaft      ™  J\~H? 

For  example,  let  x  =  £,  then  : — 

1  +**    _     1  +  i    _      5      _  1.440 

This  result  shows  that  for  the  same  length  and  weight,  the 
hollow  shaft  having  outer  and  inner  diameters  in  the  proportion 
of  2  to  1  will  be  44*3  per  cent,  stronger  than  the  solid  one. 

The  turning  moment  driving  a  shaft  may  either  be  uniform 
or  variable  in  amount.  Shafts  driven  by  means  of  gearing,  and 
revolving  at  a  uniform  speed,  are  generally  considered  as  cases 
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of  uniform  turning  moment.  As  a  typical  example  of  variable 
turning  moment,  we  have  the  case  of  the  steam  engine  crank- 
shaft, where  both  the  driving  force  of  the  steam  on  the  piston 
and  its  effective  leverage  are  continually  varying  throughout 
the  stroke. 

When  the  turning  moment  is  uniform — that  is,  when  the  shaft 
revolves  uniformly  at  n  revolutions  per  minute,  and  transmits 
energy  at  the  rate  of  so  many  H.P.,  this  is  all  the  data  we 
require  to  know  in  order  to  estimate  T.  M.  We  have  already 
seen  (see  Vol.  I.,  Lect.  III.)  that  the  work  done  by  a  turning 
couple  in  one  minute  is  equal  to  the  magnitude  of  the  turning 
couple  multiplied  by  its  angular  displacement  in  the  same  time. 
Now  our  turning  couple,  or  turning  moment,  as  we  call  it,  is 
T.M.  inch-lbs.,  or  ^  T.M.  foot-lbs.,  and  the  angular  velocity  of 
our  shaft  is  n  x  2  t  radians  per  minute. 

Therefore,  the 

T.M. 

Work  done  =  -—■ -   x  2irnft.-lbs.  per  minute 

T.M. 

•7.7-   x  jirn  m>i- 

And  the         H.P.  =  J? =_-  !L*_T:*'. 

63,025 


T.M.  =  63,025  .  =^- (Ill) 


Example  I. — Find  the  moment  of  resistance  to  torsion  of  a 
hollow  shaft.  Compare  the  strengths  to  resist  torsion  of  a  solid 
and  hollow  shaft  of  the  same  length  and  weight,  the  extreme 
diameter  of  the  hollow  shaft  being  double  its  internal  diameter. 
A  hollow  shaft,  the  external  and  internal  diameters  of  which  are 
20  inches  and  8  inches  respectively,  runs  at  70  revolutions  per 
minute,  with  a  surface  stress  of  t>,000  lbs.  per  square  inch ;  find 
the  twisting  moment  and  the  horse-power  transmitted.  (S.  &  A. 
Hons.  Exam.,  1895.) 

Answer. — The  first  two  parts  of  this  question  have  already 
been  answered  in  the  text. 

With  regard  to  the  last  part,  we  are  asked  to  find  the  values 
of  T.M.  and  H.P.,  being  given : — 

D,  =  20  inches.  /  =  6000  lbs.  per  sq.  in. 

a  ■■    8  inches.  n  ■■=  70  per  min. 

Since  T.R.  =  T.M. 

"    "  16  '      Dx       /# 
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31416       20*  -  8*      ^^ 
T.M.  -  — jg-   x  —  20—  x  6000. 


and  H.P. 


=  9,183,525  inch-lbs. 

T.M.  x  n 
=     63,024 

9,183,525  x  70 


63,024 

„     -  10,200. 

Example  II. — If  a  steel  shaft  revolving  at  60  revolutions 
per  minute  be  required  to  transmit  220  horse-power,  what  should 
he  its  diameter  so  that  the  maximum  stress  produced  in  it  may 
not  exceed  one-fifth  of  th  t  at  the  elastic  limit  ?  The  elastic  limit 
in  torsion  is  18  tons  per  sq.  inch.  Prove  any  formula  you  may 
employ.     (S.  <fc  A.  Hons.  Exam.,  1894.) 

Answeb. — Combining  formulae  (II)  and  (III)  we  have : — 
T.R.  =  T.M., 


(IV) 


£«., 

^-D*/-  63,024    x  MJL. 

• 
•  • 

D  -  68-5    */**.     .    . 

Here 

i,  H.P.  =  220.     n  -  60. 

And, 

/  -  \  x   18  x  2240  -  8064  lbs.  per  sq.  in. 

... 

D  -  68-5  x  »/      22°        -  5-27  inches. 

60  x  80(54 


In  cases  where  the  turning  moment  exerted  on  a  shaft  varies, 
it  is,  of  course,  necessary  that  the  shaft  should  be  of  strength 
sufficient  to  withstand  safely  the  maximum  value  of  T.M.  So 
that  in  dealing  with  an  example  like  that  of  the  steam  engine 
crank-shaft  we  take  as  the  turning  force  the  product  of  the  max- 
imum effective  steam  pressure  on  the  piston  into  the  piston  area; 
and  for  the  leverage  we  take  the  crank  radius,  although  this  is 
not  quite  accurate ;  because,  if  the  crank  be  driven  by  means  of 
a  connecting-rod,  the  virtual  leverage  of  the  steam  force  at  a 
certain  point  in  the  stroke  exceeds  that  of  the  crank  radius  by 
an  amount  depending  on  the  relative  lengths  of  the  crank  and 
connecting-rod. 
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But  on  the  other  hand,  the  effective  steam  pressure  on 
the  piston  is,  as  a  rule,  much  below  its  maximum  value  when 
the  piston  reaches  the  point  of  greatest  leverage.  On  the  whole, 
therefore,  it  is  quite  accurate  enough  for  all  practical  purposes  to 
estimate  the  maximum  turning  moment  in  the  way  we  have 
indicated. 

Thus,  Let  p  =  Greatest  effective  steam  pressure  acting  on 

the  piston,  in  lbs.  per  sq.  inch. 

„  A  =  Area  of  piston,  in  sq.  inches. 

„    r  =  Crank-radius,  in  inches. 

Then,  max.  T.M.  =  p  A  r  inch-lbs. 

By  effective  steam  pressure,  we  mean  the  difference  between 
the  pressures  behind,  and  in  front  of,  the  piston. 

Example  III. — Find  the  diameter  of  the  crank-shaft  for  a 
horizontal  engine  which  is  to  be  worked  with  an  effective  mean 
steam  pressure  of  45  lbs.  per  square  inch  throughout  the  stroke, 
the  diameter  of  the  cylinder  being  36  inches,  the  stroke  5  feet, 
and  the  working  load  being  taken  at  £  of  the  breaking  load. 
The  shaft  is  to  be  of  wrought  iron,  such  that  a  1-inch  shaft  will 
break  with  the  torsion  produced  by  800  lbs.  acting  at  the  end  of 
a  12-inch  lever.     (S.  <fc  A.  Hons.  Exam.) 

Answer. — Let  /B  be  the  breaking  stress  of  the  experimental 
shaft,  then  the  working  stress  in  the  crank  shaft,  according  to 
the  question,  will  be  ^  /"B . 

To  find  the  value  offB  we  are  given  that  when  T.M.  =  800  x  12 
inch-lbs.,  and  D  =  1",  fracture  takes  place.  From  these  data, 
therefore,  we  deduce  : — 

-       800  x  12      800  x  12,,      • 
/,  -  — lbs. 

1     xl»  — 

16  16 

The  area  of  a  36-inch  piston  ■»  1017*87  square  inches, 
and  r  is  30  inches. 

Max.  T.M.  =  45  x  101787  *  30  inch-lbs. 
Also.  „         "TftD8/. 


D» 


T6J 

45  x  1017-87  x  30 

167 


9 
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800  x 


but,  /-*/.-■ 


16 


A3/4)x 
Hence,  D  =    \/  


1017-87  x  30 


800  x  2 

„  «  0-5  inches,  nearly. 

Strength  of  Shafts  subjected  to  combined  Twisting  and 
Bending. — In  Example  III.  the  diameter  of  the  shaft  has  been 
calculated  as  for  a  purely  twisting  moment.  But  in  no  case  of 
a  shaft  being  driven  by -a  crank  is  the  effect  of  the  load  quite  so 
simple  as  this.  'Besides  the  turning  moment,  which  we  have 
already  seen  how  to  deal  with,  there  is  always  in  action  a 
bending  moment  of  greater  or  less  magnitude  depending  on  the 
engine  arrangement.  The  worst  case  is  that  in  which  the  crank 
is  overhung.  When  this  is  so,  the  bending  moment  is  caused 
by  the  load  on  the  piston  acting  along  a  line  (the  centre  line 
of  the  cylinder)  at  a  certain  distance  from  the  shaft  bearing 
nearest  to  the  crank. 

Let  I  =  the  distance  between  the  centre  line  of  the  cylinder 
and  the  middle  of  the  nearest  shaft  bearing,  in 
inches;  and 
p  and  A  =*  (as  before)  the  effective  steam  pressure  and  piston 
area  respectively. 

Then  the  magnitude  of  the  bending  moment  which  we  have 
now  to  take  into  account  is 

B.M.  =  p  A I  inch-lbs. 

This  bending  moment  is  balanced  by  the  moment  of  resistance 
of  the  shaft,  which,  as  will  be  shown  in  the  next  lecture,  is 

M.R.  =  ^D»/t; 

Where,         D  =  diameter  of  the  shaft  journal,  in  inches, 
And,  ft  =  the  tensile  stress  in  the  outer  fibres  of  the 

journal,  in  lbs.  per  sq.  inch. 

Hence,  we  see  that  when  a  crank-shaft  is  being  turned  by  the 
steam  on  the  piston,  it  is  subjected  simultaneously  to  a  shearing 
stress  of  intensity  f%  ,  and  a  tensile  stress  of  intensity  f% .  The 
uroblem  now  before  us  is  to  combine  these  stresses  so  as  to 
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SOI 


obtain  what  is  termed  the  Equivalent  tensile  or  shearing  stress ; 
but  in  order  to  render  all  the  steps  in  the  process  clear  and 
intelligible,  we  require  to  demonstrate  the  following  theorem  : — 

Tneorem.— A  shearing  stress  on  any  plane  produces  a  shearing 
stress  of  equal  intensity  on  planes  at  right  angles  to  it 

Let  A  B  C  D  be  a  rectangular  block  of  material  whose  thickness 
is  1  inch  perpendicular  to  the  plane  of  the  paper.  And  let./t  be 
the  intensity  of  the  shearing  stress  over  the  face  whose  edge  is 


Illustrating  Shearing 
Stress  Theorem. 


lLLUST HATING   EQUIVALENT 
TKNSIljE  Stkes.«. 


C  D.  It  is  easy  to  see  that  the  total  shearing  force  on  the  face 
C  D  which  tends  to  pull  that  face  parallel  to  itself,  must  be 
accompanied  by  a  similar  effect  on  the  face  B  C  in  order  that 
the  block  may  not  be  turned  around  A.  To  find  the  relation 
between  those  forces,  take  moments  about  A,  and  we  get : — 

PxAD  =  QxAB. 

Or,  (/,  •  C  D)  x  BC  =  (/.BC)xOD. 

/.  -/• 

Hence,  we  see  that  the  shearing  stress  induced  in  a  shaft  by 
the  turning  moment  is  accompanied  by  a  shearing  stress  of  equal 
intensity  on  planes  at  right  angles  to  it ;  that  is,  parallel  to  the 
axis  of  the  shaft. 

In  the  right-hand  figure  let  AO  represent  the  edge  of  a 
small  portion  of  a  plane  normal  to  the  axis  of  the  shaft,  and  B  0 
that  of  another  plane  at  right  angles  to  A  0.  On  the  former  of 
these  planes  there  is  a  shearing  stress  of  intensity  f^  due  to  the 
turning  moment,  and  a  direct  tensile  stress  of  intensity  fv  due 
to  the  bending  moment  acting  on  the  shaft.  By  the  theorem 
just  proved,  we  also  have  on  BC  a  shearing  stress  fg.  Let 
/'  denote  the  intensity  of  a  tensile  stress,  which,  acting  on  a 
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plane  AB  inclined  to  AC  and  B  C,  would  balance  the  stresses 
on  these  latter  planes.  As  before,  let  the  width  of  the  three 
planes  perpendicular  to  the  plane  of  the  paper  be  unity. 

Resolving  vertically  and  horizontally,  we  have  : — 

(/'.  A  B)oos  *-(/,.  AC), 
and  (/'.  AB)sin*  =  (/,.BC)  +(/rAC). 

From  the  first  of  these  equations  we  get : — 
AC 

f        AB        sin*       x       , 

V  = ;  -  -  --*-  -  fan  I,     ....     (1) 

f        cos ti        cos*  '  v  ' 

and  from  the  second  : — 

BC  AC 

/  =  ^,/  +  Ai./ 
J        sin*    J*       sin* 

__  cos  *  sin  * 

"  -  sin*    **  +  sin*  '* 

„  =  fa  cot  *  +  fv 

f'-f 
Or,  J 11  =  cot  *. (2) 

Multiplying  together  (1)  and  (2),  we  get: — 

f.    f. 

f'CT -/)-/*. 

Which  on  being  solved  for/'  gives : — 


f'~fi+  Vx  +  /'4 (V) 

We  take  the  positive  sign  in  the  solution  of  this  quadratic 
equation,  for  obviously/'  is  greater  than  J/f 

Being  now  in  possession  of  the  relation  subsisting  among  the 
stresses,  we  next  have  to  express  these  in  terms  of  the  T,M. 
and  B.M. :— 
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Since  T.M.  =  ^  D*  /, 

And  B.M.  -  R.M.  =  ~  D8/r 

Hence,  /,  -  -- — (3) 

And  /-- ^ <*) 

—  D8 
32 

In  like  manner,  we  must  have :  — 

B.M. 


/' 


r  d« 


32 


where  B.M.'  stands  for  the  equivalent  bending  moment 

Making  these  substitutions,  and  reducing,  (V)  becomes  : — 

B.M.'  -  i  {B.M.  +  VB.M.*  +  T.M.*}     .     .     .    (VI) 

Now,  if  T.M/  denotes  the  equivalent  twisting  moment,  it  easily 
follows  from  equations  (3)  and  (4)  that  for  equal  intensities  of 
stress  we  have : — 

T.M.'  =  2B.M.' 

Hence,  T.M/  -  B.M.  +  ^B.M.*  +  T.M.«  .    .    .    (VII) 

It  will  be  found  that  equation  (VII),  giving  the  so-called 
equivalent  twisting  moment,  is  the  one  most  generally  applied. 
It  should  be  noted,  however,  that  the  stress  concerned  here  is 
a  tensile  one  and  not  a  shear  as  in  a  proper  twisting  moment. 

Example  IV. — Investigate  an  expression  in  terms  of  fp  /', 
andy^,  which  will  give  the  resultant  tensile  stress,/',  per  square 
inch  of  section  in  a  material  which  is  subjected  at  the  same  time  to  a 
direct  tensile  stress  of  yj  lbs.  per  square  inch,  and  to  a  shearing 
stress,  fj  lbs.  per  square  inch.  A  bar  of  iron  is  at  the  same 
time  under  a  direct  tensile  stress  of  5,000  lbs.  per  square 
inch,  and  to  a  shearing  stress  of  3,500  lbs.  per  square  inch. 
What  would  be  the  resultant  equivalent  tensile  stress  in  the 
material  1    (S.  &  A.  Hons.  Exams.,  1896.) 

Answer. — The  complete  investigation  referred  to  in  the  first 
part  of  this  question  is  given  in  the  text,  and  equation  (V) 


304  LECTURE   XXX. 

is  the    expression    required.      It    only   remains    to  find    the 
numerical  value  of/',  having  given 

ft  =  5,000  and  f9  -  3,500 

„  =  6,800  lbs.  per  sq.  in.  folly. 

Example  Y. — A  wrought-iron  shaft  is  subjected  simultane- 
ously to  a  bending  moment  of  8,000  inch-lbs.,  and  to  a  twistiug 
moment  of  1 5,000  inch-lbs.  Find  the  twisting  moment  equivalent 
to  these  two,  and  the  least  safe  diameter  of  the  shaft.  The  safe 
stress  against  shearing  is  to  be  taken  at  8,000  lbs.  per  square 
inch.  Prove  clearly  the  formula  you  employ.  (S.  <fe  A.  Hons. 
Exam.,  1890.) 

Answer. — Here  we  have : — 

B.M.  «    8,000  inch-lba. 
And  T.M.  -  15,000 

Hence,  by  formula  (VII)  we  get : — 

T.M.'  =  8,000  +  V8,0002  +  15,000' 
„     =  25,000  inch-lbs. 

To  find  the  diameter  of  the  shaft  to  withstand  this  T.M/ 
with  a  shearing  stress  of  not  over  8,000  lbs.  per  square  inch,  we 
employ  formula  (II)  making: — 

T.M.  =   T.R.    =    fg^3/. 


/T.M/         /      25,000  o«4    v 

D  _      /— =    L-^r-mr =  2  51  incheB. 


V™-/VT«m» 


Stiffness  of  Shafts.— Angle  of  Twist— We  have  already  seen 
that  the  effect  of  a  turning  moment  applied  to  a  shaft  is  to  twist 
one  part  relatively  to  another.  Hitherto  we  have  been  dealing 
only  with  the  resistance  the  shaft  offers  to  being  twisted — that 
is  to  say,  we  have  been  concerned  only  with  the  strength  of  the 
shaft  without  regard  to  the  question  of  stiffness.     In  many  cases 
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— especially  in  light  machinery — the  question  of  the  stiffness 
of  the  shafting  is  of  greater  importance  than  that  of  strength. 

The  stiffness  of  a  shaft  is  measured  by  the  smallness  of  the 
angle  of  twist  per  unit  length  of  the  shaft. 

Turning  back  to  the  figure  illustrating  strain  in  a  shaft,  let 
dl  be  the  axial  distance,  in  inches,  between  the  two  sections 
whose  diameters  are  A  B,  a  b,  and  let  d  &  be  the  circular  measure 
of  the  angle  between  those  diameters  when  the  shaft  is  twisted ; 
then  the  torsional,  or  shearing  strain  at  the  surface  of  the 
shaft,  is 


/D\     d6 


D,  as  before,  being  the  extreme  diameter  of  the  shaft  in 
inches, 

Let  /=  Surface  stress  in  the  material  of  the  shaft  in  lbs.  per 
sq.  inch. 

„   C  =  Modulus  or  coefficient    of  shearing  elasticity  or  of 
rigidity  in  lbs.  per  sq.  inch. 

Then,  since 

p  _  stress  _       / 
strain" /D\   dO* 
\2j'aT 

Hence,  for  a  shaft   L  inches   long  we   have,  by  a  simple 
integration,  the  angle  of  twist. 


.      2/ ft         2/L 


,=cDr 


To  express  this  result  in  terms  of  the  twisting  moment  and 
the  diameter  of  the  shaft,  we  have  : — 

/  »  — - — -  for  solid  shafts. 

fe08 

T  M 
And,  / '     '_    ,4  for  hollow  shafts. 


16 


20 
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Making  these  substitutions  and  simplifying,  we  get : — 
Angle  of  twist  for  solid  shafts, 


Or, 


t  — ,\  '  4  '' — .  fadians. 

-     584  (T.M.)  L    .  _ 


(VIII) 


And,  for  hollow  shafts, 


.       10-2  (T.M.)  L       ,.        ^ 
*  =     0(D«-*)  •  rad,aM- 


Or, 


f  = 


584  (T.M.)  L 
C(D*-fll*)   ' 


(IX) 


By  the  equations  just  established,  we  see  that,  while  the 
strength  of  shafts  vary  as  the  third  power  of  their  diameters, 
their  stiffness  varies  as  the  fourth  power. 

Example  YI. — Establish  a  formula  for  the  moment  of  resistance 
to  torsion  of  a  solid  shaft  of  circular  section.  The  angle  of 
torsion  of  a  shaft  is  limited  to  1°  for  each  10  feet  of  length  ;  find 
the  diameter  of  a  solid  round  shaft  to  transmit  100  H.P.  at  50 
revolutions  per  minute,  the  modulus  of  resistance  to  torsion 
being  10,000,000  lbs.  per  sq.  inch.  (S.  <fc  A.  Hons.  Exam., 
1892.) 


Answer  : — 

Here, 

And, 


6  =  1°  when,  L  =  10  x  12  -  120  inches 
C  =  10,000,000. 


XT   p  1AA 

63,024  x  — '  «  63,024  x  ±£. 
n  50 


Also,  T.M. 

„     -  126,048  inch-lbs. 
Now,  applying  formula  (VIII)  the  given  conditions  are  that: — 
584  x  126,048  x  120 


1°  = 


10,000,000  x  D4 


Hence,  solving  for  D,  we  get : — 

/584  x  1IT6\048  x  120 


■>-!/ 


10,000,000 


5-45  inches. 
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Leoturb  XXX.—  Qukstiokb. 

I.  A  10-inoh  shaft  has  a  4-inch  hole  run  through  it ;  what  fraction  of 
its  weight  is  removed?  To  what  extent  is  its  strength  in  resisting  torsion 
affected?    Ans.  16  per  cent  ;  2'5  per  cent,  nearly. 

'J.  A  hollow  shaft  is  10  inches  external  diameter  and  4  inches  internal 
diameter  ;  compare  its  strength  to  resist  torsion  with  that  of  a  solid  shaft 
of  the  same  weight. 

3.  Cylindrical  bars  of  metal,  each  of  1  inch  diameter,  are  exposed  to 
torsion  by  weights  applied  at  the  end  of  a  12-inch  lever.  What  would  be 
the  probable  ultimate  strength  in  the  case  of  good  specimens  of  wrought 
iron  and  cast  iron  State  the  law  according  to  which  the  strength  of 
shafting  increases  by  increasing  its  diameter. 

4.  If  a  wrought -iron  shaft  of  1  inch  diameter  is  broken  by  the  torsion 
of  a  load  of  800  lbs.  acting  at  the  end  of  a  12-inch  lever,  find  the  weight 
which,  when  applied  to  the  end  of  the  same  lever,  would  break  a  shaft  of 
the  same  material,  but  3  inches  in  diameter.  State,  in  general  terms,  the 
reasoning  by  which  you  arrive  at  the  result.     Ans.  21,600  lbs. 

5.  If  a  shaft  of  3  inches  diameter  transmits  safely  33  horse-power  at 
100  revolutions  er  minute,  what  size  of  shaft  will  transmit  safely  20  horse- 
power at  150  revolutions  per  minute.     Ans.  2*22  inches. 

6.  If  800  lbs.  at  the  end  of  a  12-inch  lever  be  a  safe  stress  to  apply  to  a 
wrought-iron  bar  1  square  inch  in  section,  find  the  effort  which  a  shaft 

2  inches  in  diameter  can  transmit  at  the  circumference  of  a  pulley  one  foot 
in  diameter,  and  making  300  revolutions  per  minute.  Find  also  the  horse- 
power transmitted.     A ns.  8,893  lbs. ;  254  U. P. 

7.  A  shaft  is  of  given  material  and  given  diameter,  find  an  expression 
for  the  moment  of  resistance  to  torsion.  Given  the  maximum  stress  to 
which  the  material  may  be  subjected,  find  the  diameter  of  a  shaft  which 
will  transmit  a  given  horse-power  at  a  given  number  of  revolutions  per 
minute. 

8.  A  twisting  moment  of  0,600  inch-pounds  is  sufficient  to  break  a 
wrought-iron  shaft  of  1  inch  diameter.  Use  6  as  a  factor  of  safety,  and 
hence  determine  what  horse-power  can  be  safely  transmitted  through  a 
shaft  of  3  inches  diameter  when  running  at  120  revolutions  per  minute. 
Prove  the  formula  which  you  employ. 

9.  Investigate  an  expression  for  the  moment  of  resistance  to  torsion  of 
a  given  cylindrical  shaft  when  subjected  to  a  given  twisting  moment. 
What  is  the  maximum  horse-power  which  could  be  transmitted  by  a  shaft 

3  inches  in  diameter  when  making  150  revolutions  per  minute,  it  being 
given  that  the  shearing  stress  in  the  material  is  not  to  exceed  7,500  lbs. 
per  square  inch  ?  Ans.  94*5  H.  P. 

10.  If  $  be  the  angle  of  twist  expressed  in  circular  measure  in  a  length 
of  shafting  I,  M  the  twisting  moment,  C  the  modulus  of  transversa 
elasticity,  and  d  the  diameter  of  the  shaft,  prove  that — 

102  M^ 
*~     Cd*   ' 

II.  A  horizontal  bar  of  round  iron,  1  inch  diameter,  6  feet  long,  hing*J 
at  the  ends,  is  subjected  to  equal  and  opposite  pushing  forces  of  1,000 
lbs.  at  its  ends,  and  a  load  of  10  lbs.  is  hung  at  the  middle  so  that  it  is 
b»th  a  beam  and  a  strut.  Find  the  greatest  stress  anywhere.  E =29  x  10* 
lbs.  per  square  inch.     (Hons.  S.  «fe  A.  Exam.,  1897.) 
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12.  Find  the  inside  and  outside  diameters  of  a  hollow  steel  shaft,  the 
internal  diameter  being  §  of  the  external  diameter.  The  shaft  is  to 
transmit  6,000  H.P.  at  116  revolutions.  Suppose  the  maximum  twisting 
moment  to  be  1  '3  times  its  mean  value  and  the  maximum  stress  allowed  in 
the  material  to  be  10,000  lbs.  per  square  inch.  Prove  the  truth  of  the 
formula  which  you  use.     (S.  ana  A.  H.,  Part  I.,  1899.) 

13.  A  shaft  transmits  35  horse-power  at  130  revolutions  per  minute; 
what  is  the  twisting  moment  in  pound  feet?  What  is  the  nature  of  the 
strain  and  stress  in  the  shaft?    Ana.  1,413  lbs.     (B.  of  £.  Adv.,  1900.) 

14.  A  wire  of  Siemens'  steel,  0*1  inch  diameter,  is  to  be  twisted  till  it 
breaks.  Sketch  the  arrangement ;  show  how  the  ancle  of  twist  and  the 
twisting  moment  are  measured ;  how  the  results  may  be  plotted  on  squared 
paper,  and  the  sort  of  results  that  may  be  expected  In  what  way  may  a 
wire  of  twice  the  diameter  be  expected  to  behave  ?  After  twisting  such  a 
wire  much  beyond  permanent  set,  supnose  the  twisting  torque  to  be 
removed,  in  what  state  of  internal  strain  might  one  expect  to  find  the 
material?    (B.  of  E.  Adv.,  1901.) 

15.  A  hollow  tube  of  aluminium  bronze,  1  inch  diameter  inside,  1J  inches 
diameter  outside,  is  to  be  twisted  till  it  breaks.  How  would  you  arrange 
the  experiment  without  any  special  testing  machine?  Show  on  squared 
paper  what  sort  of  results  you  would  expect.  If  the  modulus  of  rigidity 
of  the  material  is  5*3  x  10*  lbs.  per  square  inch,  what  twisting  moment 
will  produce  a  twist  of  0  001  radian  per  inch  ?  What  is  now  the  greatest 
stress  ?    (B.  of  £.  H. ,  Part  I. ,  1901. ) 

16.  Suppose  that  a  shaft  of  1  inch  diameter  may  be  safely  subjected  to 
a  torque  of  2,000  pound  inches,  what  torque  will  a  2£-inch  shaft  safely 
resist  ?  Calculate  the  horse-power  which  may  be  transmitted  by  the  latter 
shaft  if  its  speed  is  150  revolutions  per  minute.  How  does  the  shear  stress 
in  a  circular  shaft,  subjected  to  twisting,  depend  upon  distance  from  the 
centre?    (B.  of  E.  Adv.,  1902.) 

17.  A  steel  shaft  is  to  be  used  to  transmit  power  a  distance  of  75  feet ; 
the  twist  on  the  whole  length  is  not  to  exceed  22}°,  nor  the  stress  to  exceed 
8,500  lbs.  per  square  inch  :  what  must  be  the  diameter  of  the  shaft,  and 
what  H.P.  can  be  passed  through  it  at  135  revolutions  a  minute  ?  (Modulus 
of  transverse  elasticity  =  12  x  10*  lbs.  per  square  inch. 

(C.  &  G.,  1900,  H.,  Sec.  A.) 

18.  Compare  the  strength  of  two  cylindrical  shafts,  subjected  to  pure 
torsion,  if  their  diameters  are  1{  and  2}  inches  respectively.  Assuming 
that  the  cost  of  such  shafting  is  directly  proportional  to  its  weight,  what 
would  be  the  relative  costs?    (C.  &  G.,  1901,  0.,  Sec.  B.) 

19.  Obtain  a  formula  for  the  diameter  of  a  shaft,  given  the  twisting 
moment  to  which  it  is  exposed,  and  the  maximum  stress  allowed  in  the 
material: — A  shaft  15  inches  in  diameter  is  exposed  to  a  twisting  moment 
of  227,^00  foot-pounds,  and  to  a  maximum  bending  moment  of  43  foot- 
tons  :  find  (a)  the  maximum  stress  set  up  in  the  material,  (6)  the  twisting 
moment  required  to  produce  the  same  stress  if  there  were  no  bending 
moment  acting  with  it.    (C.  &  G.,  1901,  H.,  Sec.  A.) 

20.  The  two  halves  of  a  flange  coupling  are  fastened  together  by  four 
round  wrought-iron  bolts.  The  diameter  of  the  bolt  circle  is  10  inches, 
and  the  shaft  transmits  120  H.  P.  when  making  120  revolutions  per  minute. 
Assuming  a  suitable  shear  stress  for  the  bolts,  find  their  diameter. 

(C.  &G.  1902,  0.,  Sec.  B.) 

21.  Find  the  diameter  of  the  propeller  shaft  for  a  ship,  each  engine  of 
which  develops  10,000  H.P.  when  going  at  120  revolutions  per  minute. 
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You  may  assume  that  the  shaft  is  subjected  to  pure  torsion,  and  that  the 
safe  shear  stress  of  the  material  is  5  tons  per  square  inch. 

(C.  &G.,  1902,0.,  Sec.  B.) 

22.  The  screw  shaft  of  a  high-speed  vessel  is  6  inches  external  and  3 
inches  internal  diameter,  and  rotates  400  times  a  minute.  If  the  intensity 
of  stress  is  limited  to  5  tons  per  square  inch,  find  the  maximum  horse- 
power that  can  be  safely  transmitted,  the  shaft  being  supposed  subjected 
to  twisting  only.  If  the  length  of  the  shaft  between  the  thrust  block  and 
the  screw  he  60  feet,  find  the  angle  of  torsion  of  the  shaft,  the  modulus  of 
rigidity  being  4,500  tons  per  square  i  .ch.     (C.  &  G  ,  1902,  H.,  Sec.  A.) 

23.  In  an  overhanging  crank,  the  crank-arm  radius  is  16  inches  and  the 
distance  between  the  centre  of  the  crank-pin  and  the  centre  of  the  near 
crank-shaft  bearing  is  12  inches.  When  the  connecting-rod  is  at  right 
angles  to  the  crank,  the  thrust  along  the  rod  is  5,000  lbs.  Estimate  the 
maximum  tensile  and  shearing  stresses  in  the  crank-shaft,  the  diameter  of 
the  crankshaft  being  5  inches.     (G.  &  G.,  1902,  H.,  Sec  A.) 
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Lecture  XXX.—  A.M.Inst.C.E.  Questions. 

1.  The  bolts  of  a  cylinder  cover  are  screwed  down  until  they  are  subject 
to  an  initial  stress  of,  say,  1  ton  per  square  inch.  Discuss  the  question  of 
the  effect  of  steam- pressure  in  the  cylinder  on  the  tension  in  the  .bolts. 

(I.C.E.,  Feb.,  1898.) 

2.  Find  the  relative  weights  of  a  solid  shaft  and  of  a  hollow  shaft  which 
will  transmit  a  given  torque  (twisting  moment)  with  the  same  maximum 
stress,  the  external  and  internal  diameters  of  the  hollow  shaft  being  as  3  to 
2.     Find  the  ratio  of  the  torsional  stiffnesses  of  the  two  shafts. 

(I.C.E.,  Feb.,  1898.) 

3.  For  a  shaft  subject  to  torsion  and  bending  deduce  a  formula  for  the 
simple  torque  that  is  equivalent— as  regards  the  maximum  stress  induced 
— to  the  given  torque  and  bending  moment  combined.    (I.C.  E. ,  Feb. ,  1898. ) 

4.  Define  the  terms : — Efficiency  of  machine,  H.  P. -hour,  torque,  moment 
of  momentum,  moment  of  inertia,  radius  of  gyration.  If  a  torque  of 
0*245  ton-foot  is  acting  on  a  shaft  which  makes  100  revolutions  per  minute, 
find  the  H.P.  transmitted.     (I.C.E.,  Feb.,  1899.) 

5.  Show  that  the  resistance  to  twisting  of  a  shaft  varies  as  the  cube  of 
the  diameter.  Compare  the  strengths  of  two  shafts  of  the  same  diameter, 
one  solid,  the  other  hollow  of  half  the  weight.     (I.C.E.,  Oct.,  1899.) 

6.  Find  a  formula  for  the  diameter  of  a  shaft  to  transmit  N  horse-power 
at  n  revolutions  per  minute,  and  state  the  circumstances  on  which  the  value 
of  the  coefficient  depends.  Obtain  a  numerical  result  for  2,700  H.P.  at 
100  revolutions,  using  such  a  value  of  the  coefficient  as  you  consider  suit- 
able for  some  specified  case.     (I.C.  E.,  Oct. ,  1899. ) 

7.  When  a  force  is  applied  to  the  pin  of  an  overhung  crank,  show  that 
it  is  equivalent  to  a  couple  tending  to  turn  the  crank  shaft,  a  couple 
tending  to  bend  the  shaft  at  a  section  between  the  crank  and  its  journal, 
and  a  shearing  force  at  the  same  section.  Find  their  amounts  in  terms  of 
P  the  applied  force,  r  the  length  of  crank,  and  a  the  distance  of  section 
considered  from  the  point  of  application  of  P.     (1.0. E.,  Feb.,  1900.) 

8.  Distinguish  between  "sheering  stress"  and  "normal  stress, "  and 
find  their  values  at  any  point  of  an  oblique  section  (1)  of  a  compressed 
block,  (2)  of  a  tube  subjected  to  torsion.  What  is  the  essential  difference 
of  these  two  cases?    (I.C.E.,  Feb.,  1900.) 

9.  Find  the  relation  between  the  stress  on  a  twisted  shaft  and  the 
moment  producing  it.  Find  the  least  diameter  of  a  solid  steel  shaft  to 
transmit  269  H.P.  at  150  revolutions  per  minute,  the  stress  being  limited 
to  9,000  lbs.  per  square  inch.    (I.C.  E. ,  Feb. ,  1901. ) 

10  A  steel  shaft  has  to  transmit  25  H.P.  at  75  revolutions  per  minute. 
Of  what  diameter  would  you  make  this  shaft  ?  Choose  your  own  safe 
working-stress.     (I.C.E.,  Oct.,  1901.) 

1 1.  H  the  end  of  a  rod  of  1  inch  diameter  is  twisted  by  the  turning  effort 
of  a  force  of  80  lbs.  acting  at  the  end  of  a  12-inch  lever,  find  the  force 
which,  when  applied  to  the  end  of  the  same  lever,  would  twist  equally  the 
end  of  a  rod  of  the  same  material  but  of  1 J  inch  diameter  and  of  hall  the 
length.     (I.  C.  E. ,  Feb. ,  1 902. ) 

12.  Deduce  an  expression  for  the  amount  of  twist  in  a  shaft  under  a 
given  twisting  moment,  and  apply  your  result  to  find  the  angle  through 
which  a  2J  inch  steel  shaft  will  be  twisted  if  it  is  80  feet  long  and  subjected 
at  one  end  to  a  twisting  moment  of  19,000  inch-lbs.     (I.C.E.,  Feb.,  1902.) 
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13.  A  shaft  transmits  120  H.P.  at  75  revolutions  a  minute.  The  diameter 
of  the  circle  of  the  bolt  centres  of  the  couplings  is  10 J  inches.  Each 
coupling  has  6  bolts,  and  the  shearing  stress  per  square  inch  allowed  in 
these  bolts  is  2J  tons.     Find  the  diameter  of  these  bolts. 

(I.C.E.,  Feb.,  1902.) 

14.  Obtain  an  expression  for  the  work  done  by  a  couple.  The  pitch  of  a 
screw  propeller  is  14  feet  and  the  twisting  moment  is  120  ton-inches.  Find 
the  thrust.     (I.C.E.,  Oct.,  1902.) 

15.  How  is  the  strain  caused  by  shearing  stress  measured,  and  what  is 
the  modulus  of  rigidity  ?  If  a  rod  £  inch  in  diameter  and  20  inches  long  is 
fixed  at  one  end  and  the  other  end  is  twisted  through  an  angle  of  15° 
relatively  to  it,  what  is  the  strain  in  the  outer  fibres  of  the  rod  ? 

(I.C.E.,  Oct.,  1902.) 

16.  A  bar  of  iron  J  inch  diameter  is  twisted  to  destruction ;  calculate 
what  twisting  moment  is  required  for  this  purpose,  assuming  that  the 
shearing  stress  becomes  uniform  all  over  the  section  and  equals  in  the  limit 
19  tons  per  square  inch.     (I.  C.  E. ,  Oct. ,  1902. ) 

17.  An  axle  fixed  to  two  wheels  is  driven  at  the  centre  by  a  chain  and 
supports  two  bearings,  distant  12  inches  from  the  centre  of  the  wheels,  the 
load  on  each  bearing  being  2}  tons.     If  the  power  exerted  is  20  H.P.  and 

2£  fans        2%  Ton* 


ux 


*/2  S 


>J/2J< 


the  rate  of  turning  is  30  revolutions  per  minute,   find  the  maximum 
intensity  of  stress  in  the  axle  if  its  diameter  is  5  inches. 

(I.C.E.,  Oct.,  1902.) 
18.  How  is  the  strain  measured  in  the  case  of  a  bar  in  tension  or  compres- 
sion ;  also  in  the  outside  fibres  of  a  shaft  subject  to  torsional  stress  ?  If 
the  modulus  of  elasticity  is  given  in  the  first  case,  and  the  modulus  of 
rigidity  in  the  second,  how  would  you  find  the  stresses  from  the  measured 
strain?    (I.C.E.,  Feb.,  1903.) 


MOTES  OK  LECTUEE  XXX.  AND  QUESTIONS.  31 3 
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Contents. —Strength  of  Beams  and  Girders— Definitions  of  Shearing  Force 
and  Bending  Moment— Beam  Fixed  at  one  end  and  Loaded  at  the  other 
—Beam  Fixed  at  one  end  and  Loaded  Uniformly— Beam  Supported  at 
both  ends  and  Loaded  in  the  middle— Example  I—  Beam  Supported  at 
ends  and  Loaded  anywhere  —  Beam  Supported  at  both  ends  and 
Loaded  Uniformly— Examples  II.  and  UL— Floating  Beams— Travel- 
ling  Loads— Two  Loads  Moving  at  a  Fixed  Distance  apart— Example 
IV.— Distributed  Travelling  Load  -  Questions. 

Strength  of  Beams  and  Girders. — The  subject  under  this  heading 
is  one  that  naturally  divides  itself  into  two  portions.  (1)  The 
determination  of  the  resultant  effects  of  the  applied  loads  at  any 
section  of  a  beam  or  girder;  and  (2)  the  nature  and  amount  of 
the  resistance  offered  by  the  beam  or  girder  to  rupture  at  that 
section. 

When  the  section  under  consideration  is  in  the  same  plane  as 
the  load,  the  only  effect  the  load  has  at  that  section  is  a  tendency 
to  shear  the  beam ;  but  in  the  more  general  case,  where  the  load 
acts  at  a  distance  from  the  given  section,  we  have,  in  addition,  a 
tendency  to  curve  or  bend  the  beam  at  the  section.  Hence  the 
name  Bending  Moment  is  given  to  this  latter  effect. 

In  the  accompanying  figure,  let  AB  represent  a  cantilever 


Illustrating  Shearing  and  Bending  Action. 


or  beam  fixed  at  one  end,  with  a  load  P  applied  at  the  free  end; 
and  let  0  be  any  section  in  the  beam.  At  C  let  there  be  applied 
two  equal  and  opposite  forces  P,,  P2,  of  the  same  magnitude 
as  P.  The  introduction  of  these  forces  does  not  affect  the  equi- 
librium of  the  systen^  as  Px  and  P2  balance  each  other.  Hence, 
the  effect  of  P  at  the  section   C  is  equivalent  to  that  of  a 


CANTILEVER   LOADED  AT   END. 
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couple  PP2,  with  a  single  force  Pr  A  general  proof  of  this 
important  theorem  is  given  in  Vol. -4,  Lectur*  III.,  Prop.  II. 
The  couple  constitutes  the  Bending  Moment  (B.M.),  and  the 
single  force  Tv  the  Shearing  Force  (S.P.)  at  the  section  0. 

Definition. — The  Shearing  Force  at  any  section  of  a  beam  is 
the  algebraic  sum  of  all  the  forces  acting  on  either  side  of  that 
section. 

Definition. — The  Bending  Moment  at  any  section  is  the  alge- 
braic sum  of  the  moments  of  all  the  forces  acting  on  either  side  of 
that  section. 

Or,  in  symbols,  if  P  denote  any  one  of  the  forces  acting  on  one 
side  of  a  section,  and  at  a  distance  x,  from  it ;  consider  all  the 
forces  on  the  same  side  of  the  section  as  P,  paying  due  regard  to 
their  sign— that  is,  if  we  reckon  forces  acting  upwards  as  posi- 
tive, we  must  regard  those  acting  downwards  as  negative. 


Then, 
And, 


8.F.  =  2P 
B.M.  -  2Pjr 


.} 


a) 


Beam  Fixed  at  one  end  and  Loaded  at  the  other. — Let  C  D 
be  a  cross-section  anywhere  within  the  length  of  the  beam  at  a 
distance  of  x  inches  from  the  fixed  end  A.  To  find  the  S.F. 
and  B.M.  at  0  D,  we  observe  that  the  only  force  acting  to  the 
right  of  the  section  is  W  lbs.     Hence : — 


S.F.  =  W  lbs. 


(H) 


Beam  Fixed  at  one  end,  Loaded  at  other. 

It  is  independent  of  x,  and  therefore  the  same  for  all  such 
sections  as  C  D. 

The  B.M.  at  C  D  is  W  multiplied  by  its  distance  from  the 
section  in  inches.     Hence : — 


B.M.  =  WxBD=W(L-jr)  inch-lbs. 


.  (Ill) 


This  equation  is  true  whatever  may  be  the  position  of  W  on 
the  beam,  so  long  as  L  denotes  its  distance  in  inches  from  the 
fixed  end,  and  0  D  is  between  W  and  the  support. 
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In  this  case,  the  diagram  of  the  S.F.  is  a  straight  line  parallel 
to  the  base  and  at  a  distance  of  W  lbs.  from  it.  Since  (III)  is 
the  equation  of  a  straight  line,  the  B.M.  is  therefore  a  quantity 
increasing  uniformly  from  zero,  where  x  =  L,  to  W  L  inch-lbs., 
where  x  =  0,  as  shown  by  the  accompanying  figure. 


S.F.  curve  is  a  straight 
line. 

B.M.  curve  is  a  straight 
line. 


Diagram  of  S.F.  and  B.M.  for  Beam  Fixed  at  one 
end  and  Loaded  at  the  other. 

Beam  Fixed  at  one  end,  and  Loaded  Uniformly.— Let  the  load 
on  the  beam  be  w  lbs.  per  inch-run,  it  is  required  to  find  the 
shearing  force  and  bending  moment  at  any  section  CD,  at 
x  inches  from  the  fixed  end.  As  before,  consider  the  part  of  the 
beam  to  the  right  of  C  D.  The  only  force  is  the  weight  of  that 
portion  of  the  load  carried  by  B  D,  so  th  it : — 
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S.F.  =wx  BD  =  u/(L-jr)  lbs. 


(IV) 


_    _   .    L     -    -    -  -   * 
Beam  Fixed  at  one  end  and  Loaded  Uniformly. 

The  moment  of  the  portion  of  the  load  on  B  D  with  respect 
to  C  D  is  the  same  as  if  it  were  all  concentrated  at  the  middle 
point  of  B  D.     Hence : — 

B.M.=wxBDx  £BD  =  £w>  x  BD*  =  \w  (L-jr)2  inch-lbs.   (V) 

Equations  (IV)  and  (V)  show  us  that  both  the  S.F.  and  B.M. 
vanish  when  x  =  L ;  and  when  x  =  0,  we  get : — 


BEAM  LOADED   AT  CENTRE. 


31, 


And, 


8.P.  =  w  L  lbs (IV.) 

B.M.  -  £  a/ L*  inch-lbs (Va) 


The  diagrams  of  S.F.  and  B.M.  for  this  case  take  the  forms 
shown  in  the  accompanying  figure. 


S.F.  carve  is  a  straight 
line. 

B.M.  curve  is  a  parabola 
with  vertex  at  B. 


Diagram  op  S  P.  and  B.M.  for  Beam  Fixed  at  one  end 
and  Loaded  Uniformly. 

Beam  Supported  at  both  ends,  and  Loaded  at  the  Middle.— In 
this  case  we  measure  x  from  the  middle  point  of  the  beam. 
Since  W  is  equidistant  from  A  and  B,  the  reactions  at  those 
points,  Rx  and  R2,  are  equal  to  each  other,  and  since  their  sum 
is  W,  we  have : — 

1^  =  R2  =  J  W  lbs. 


Beam  Supported  at  both  ends  and  Loaded  at  Middle. 


The  only  force  to  the  right  of  C  D  is  R2,  and  its  leverage  is 
BD. 
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Hence,        S.F.  =  R2  =  £  W  lbs (VI) 

And,  B.M  =  R2xBD  =  £W(JL-jr)  inch-lbs.     .  (VII) 

Here,  the  B.M.  vanishes  when  se=  J  L,  and  increases  uniformly 
from  this  until  x  —  0f  when  it  attains  its  maximum  value,  J  WL 
inch-lbs. 


Or, 


Maximum  B.M.  -  £  W  L  inch-lbs. 


(VII.) 


The  following  figure  shows  the  diagrams  of  S.F.  and  B.M.  for 
this  case : — 
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S.F.  curve  is 

a  pair  of 

straight  Hoes. 

B.M.  curve  is 

a  pair  of 
straight  lines. 


Diagram  of  S.F.  and  B.M.  for  Beam  Support kd  at  both  ends 
and  Loaded  in  Middlk. 

Example  I. — In  a  beam  of  length  L,  supported  at  both  ends 
and  loaded  at  the  middle  with  a  load  W,  show  that  the  bending 
moment  is  greatest  at  the  centre  of  the  beam  and  equal  to 
|WL.  Then  determine  graphically  the  bending  moment  and 
shearing  force  at  a  point  6  ft.  from  one  support  in  a  beam  of  25 
ft.  span  loaded  with  5  tons  at  its  centre.  (Adv.  S.  &  A.  Exam., 
1890.) 

Answer. — We  have  already  seen  from  equation  (VII)  that 
for  a  beam  loaded  as  in  this  example,  the  B.M.  at  any 
distance  x,  from  its  middle  point,  is  :  — 


B.M.=  IW(JL-a). 
greatest  when  aj  =  0—  th 

Maximum  B.M.  -  ±  W  L;  and  S.F.  =  £  W. 


This  is  obviously  greatest  when  x  —  0 — that  is,  at  the  centre. 
Then :— 


EXAMPLE   I.— LOADED   BEAM. 

For  the  values  of  W  and  L  given  in  the  example,  we  get : 
Maximum  B.M.  =  £  x  5  x  25  =  31-25  ft.-tons. 
S.P.  =  £  x  5  =  2-5  tons. 

S.F. 
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And, 


S.F.  and  B.M.  Curves  for  Example  I. 

The  accompanying  figure  shows  the  diagrams  of  B.M.  and  S.F. 
as  constructed  from  these  data. 

At  6  feet  from  one  end  the  B.M.  measures  15  ft -tons.  This 
is  easily  verified  by  means  of  the  formula  for  B.M.,  because 
*=  12-5- 6  =  65. 

B.M.  =  J  x  5  x  (12-5  -  6-5)  =  15  ft.-tons. 

Beam  Supported  at  both  ends,  and  Loaded  Anywhere.— With 
a  single  concentrated  load,  the  maximum  bending  moment  will 


Beam  Supported  at  both  ends,  and  Loaded  Anywhere. 
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always  occur  immediately  under  the  load,  whether  it  be  at  the 
middle  of  the  beam  or  not. 

For  the  B.M.  at  any  section  at  a  distance  x,  from  one  end  is 
R  x  a?,  and  this  is  greatest  when  x  is  largest ;  that  is,  when  the 
section  is  under  the  load. 

To  find  the  reactions  at  the  supports,  we  take  moments  about 
A  and  B,  and  get  R2  x  L  =  W  x  m. 

.%  R»  =  -=-  W  lbs.  and  R,  =  r=r  W  lbs.     These  are  the  values 
Li  -L 

of  the  S.P.  to  the  right  and  left  of  W  respectively. 


S.P.  (to  right)  =  £  W 
S.F.  (to  left)  =  £  W 


lbs. 


lbs. 


(▼in) 


Multiplying  the  first  of  these  equations  by  w,  or  the  latter  by 
m,  we  get : — 

Maximum  B.M.  =  (^  w)  inch-lbs. .    .    .    (IX) 

We  can  now  construct  the  diagrams  of  S.F.  and  B.M. : — 

S.F. 


S.  F.  curve  is  two 
.straight  lines. 

B.M.  carve  is  two 
straight  lines. 


U- L 

Diagram  of  S.F.  and  B.M.  for  Single  Load  in  any  position. 

Beam  Supported  at  both  ends  and  Loaded  Uniformly. — As 
before,  let  the  weight  per  inch-run  be  denoted  by  w;,  then  the 
total  load  carried  by  the  beam  will  be  w  L  lbs.,  and  the  reactions 


BEAM    LOADED   UNIFORMLY. 
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Rj  and  R2,  will  each  be  J  to  L  lbs.    Taking  the  forces  to  the  right 
of  the  section  0  D. 


Beam  Supported  at  both  ends  and  Loaded  Uniformly. 
We  get,  S.F.  =  R2-  w  x  BD  =  £u?L-  v>(%L-x)  =  w X  lbs.  (X) 
And,      B.M.  =  RjxBD-w.BDxiBD 
„      =  JwLxBD  -  \w  .  BD2 
„      =J«;.BD(L-BD) 
„      =£tt>(£L  -  a)(£L  +  x). 
B.M.  =  £m/(±L2  -  jr2)  inch-lbs. (XI) 

The  limiting  values  of  S.F.  and  B.M.  are  : — 

When,  x  =  J  L ;  then,  S.F.  =  £  w  L  lbs.;  and,  B.M.  -  0 .  (Xa) 

When,   x  =  0  ;  then,  S.  F.  =  0  ;   and  :— 

Maximum,  B.  M.  =  \  w  L2  inch-lbs.      .         (XI0) 

Plotting  our  diagrams  of  S.F.  and  B.M.,  we  get  the  figure 
shown  on  next  page. 

When  a  beam  carries  more  than  one  load,  or  is  loaded  in  more 
ways  than  one,  the  simplest  and  safest  way  is  to  consider  each 
load  separately,  without  regard  to  the  others,  and  then  combine 
the  separate  effects  so  as  to  obtain  the  resultant  action,  as  iu 
Example  II. 

Example  II. — Draw  the  bending  moment  and  shearing  force 
diagrams  for  a  beam  1 2  feet  long,  supported  at  both  ends,  and 
loaded  with  weights  of  4  and  6  tons  at  distances  of  3  and  8  feet 
respectively,  from  one  end  of  the  beam.  Explain  fully  the  mode 
of  arriving  at  these  diagrams.     (Adv.  S.  k  A.  Exam.,  1887.) 

Answer. — Measuring  distances  from  the  left  end  of  the  beam, 
and  considering  each  load  separately,  we  have,  for  the  4  tons,  to 
the  left  of  the  load  : — 

21 
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&F.J-?  W-^x  4  =  3  tons. 


L  12 

And,  to  the  right  of  it : — 


m 


S.F^-^W-^^-l  ton. 


S.F.  carve,  is  a 
straight  line. 

B.M.  curve  is  a 
parabola  with  vertex 
below  the  middle  of 
the  beam. 


Diagram  or  S.F.  and  B.M.  for  a  Beam  Supportld  at  both  ends  and 
Loaded  Uniformly. 

The  maximum  B.M.X  due  to  this  load  is  : — 

B.M.J  =  -^ —  W  as    —  x  4  =  9  ft.-tons. 

It  occurs  immediately  under  the  load. 
Next  taking  the  G-tons  load,  we  have  to  the  left  of  it  :— 
n 


4 
12 


S.F.2  =  £  W=^xG  =  2tons; 


And  to  the  right  of  it : — 


S.F.2  =  ^W=p2x  6  =  4  tons. 

The  maximum  B.M.2  due  to  the  6  tons  is : — 

B.M.9=— T—  W  =  -^nr-x6  =  16  ft -ton*. 
*        L  12 
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Plotting  these  results,  we  get  the  accompanying  figure : 


S.F.  and  B.M.  Curves  for  Example  II. 

The  thin  lines  show  the  actions  of  the  separate  loads,  and  the 
full  liues  their  combined  results,  obtained  by  taking  the  alge- 
braic sum  of  the  former. 

The  student  should  here  carefully  observe  the  necessity  of 
attending  to  the  sign  of  the  shearing  force.  Thus,  between  the 
weights  we  have  a  shearing  force  of  2  tons,  which,  on  account  of 
its  sign,  is  drawn  below  the  base  line;  also  a  shearing  force  of  1 
ton  drawn  above  the  base  line.  The  resultant  shearing  force 
between  the  loads  is  therefore  the  difference  of  these,  and  is 
drawn  on  the  same  side  of  the  base  line  as  the  greater  of  its 
components. 

The  bending  moments  everywhere  along  the  beam  are  of  the 
same  sign ;  therefore,  to  obtain  the  combined  bending  moment 
diagram,  we  have  simply  to  add  the  ordi nates  of  each  separate 
diagram.  Thus,  to  get  the  total  bending  moment  at  the  section 
under  the  6  tons  load,  we  add  F  G  (viz.,  that  due  to  the  4  tons 
at  that  point)  to  F  H  (that  due  to  the  6  tons).  The  result  F  K 
is  therefore  the  total  B.M.  at  that  point. 
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It  is  quite  sufficient  to  do  this  for  the  sections  under  each 
load,  and  then  to  join  each  of  the  points  so  obtained  with 
each  other  and  with  the  ends  of  the  beam  by  straight  lines.  If 
drawn  to  scale,  the  B.M.  at  any  other  point  can  then  be  obtained 
by  measuring  the  corresponding  ordinate. 

Example  III. — A  horizontal  uniform  bar,  18  inches  long,  is 
laid  over  two  supports,  each  4  inches  from  its  ends.  Find  two 
points  at  which  the  bending  moments  are  zero.  (Hons.  S.  <fc  A. 
Exam. ) 

Answer. — Let  w  be  the  weight  in  lbs.  per  inch-run  of  the  bar. 
Then  the  total  weight  of  the  bar  will  be  18  w  lbs.,  and  the 
reactions  will  each  be  9  w  lbs. 


i  a  ■ 


I8*   -     -    -  -1 


■ *i 

Illustrating  Examplk  HI. 

Taking  moments  to  the  right  of  the  section  C  D  at  a  distance 
x  inches  from  the  centre  of  the  bar,  we  get : — 

B.M.  =  R2(5  -a;)-«).BDxJBD 
„      =  9m>(5  -  x)  -  \w.  BD2 
„      =  9w(5  -  x)  -  \  ii7(9  -  xf 
„      =  £u/(9  -  jr2)  inch-lbs. 

The  B.M.  will  be  zero  when  9-s2  =  0;  i.e.,  when  a?=±3 
inches. 

Hence,  the  required  points  are  3  inches  on  each  side  of  the 
centre,  or  2  inches  inside  of  the  supports. 

Floating  Beams. — When  a  solid  body,  such  as  a  piece  of  wood 
of  uniform  density,  floats  in  still  water  its  weighs  and  its  buoy- 
ancy, or  the  resultant  upward  pressure  of  the  water  on  the  body, 
will  at  all  points  balance  each  other.  There  are  consequently  no 
shearing  or  bending  stresses  on  the  body,  and  each  part  is  in 
equilibrium  independently  of  the  other  parts. 
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But  whenever  those  conditions  are  departed  from,  such  as  (1) 
when  the  floating  body  carries  weights ;  (2)  when  it  is  not  of 
uniform  density,  due  to  want  of  homogeneity  in  its  material,  if 
solid,  or  to  its  being  hollow,  or  of  a  boat  form  ;  or  (3)  when  it 
crosses  waves,  then  bending  and  shearing  stresses  are  set  up. 

Consider  the  case  of  a  uniform  beam  of  wood  of  rectangular 
section  floating  in  still  water.  The  beam  will  displace  an  amount 
of  water  exactly  equal  to  its  own  weight.  This  is  true,  not  only 
for  the  beam  as  a  whole,  but  also  for  every  individual  segment 
of  the  beam.  Any  segment  of  the  beam  will  displace  just  as 
much,  and  no  more,  water  than  it  would  do  if  floating  by  itself. 
The  beam,  therefore,  is  as  free  from  stress  as  it  would  be  if  it 
were  lying  on  a  perfectly  flat  surface. 

Suppose  now  that  a  weight  W,  be  placed  on  the  middle  of  a 
floating  beam.  This  will  cause  the  beam  to  sink  to  a  greater 
depth  and  displace  an  extra  volume  of  water.  The  weight  of  this 
extra  displacement  is  exactly  equal  to  W.  What,  now,  is  the 
condition  of  the  beam  as  regards  straining  forces?  Evidently, 
we  need  only  consider  the  weight  W,  and  the  extra  displacement, 
due  to  its  being  carried  by  the  beam ;  because  the  upward 
reaction  of  the  displacement  due  to  the  beam's  own  weight,  is 
still  at  all  points  balanced  by  the  downward  weight  of  the  beam. 
In  other  words,  the  condition  of  the  beam,  so  far  as  its  own 
weight  and  displacement  are  concerned,  is  in  no  way  affected  by 
the  addition  of  the  load. 

To  give  definiteness  to  our  ideas,  let  W  be  expressed  in  lbs., 
and  let  L  denote  the  length  of  the  beam  in  inches. 

Then  the  forces  we  have  to  consider  are : — 

(1)  W  lbs.  concentrated  at  the  middle  of  the  beam  and  acting 
downwards. 

(2)  The  displacement  of  W  lbs.  of  water  uniformly  distributed 
along  the  whole  length  of  the  beam  and  acting  upwards,  with  an 

W 

intensity  of  y  lbs.  per  inch  of  length. 

The  case  is,  therefore,  analogous  to  that  of  a  beam  uniformly 
loaded  and  supported  at  its  centre  ;  or  what  is  virtually  the 
same  thing,  two  beams  of  length  equal  to  £  L,  fixed  at  one  end 
and  loaded  uniformly.  For,  in  order  to  obtain  the  shearing  Jorce 
and  the  bending  moment  at  any  section  of  the  beam,  x  inches  to 

W 

either  side  of  W,  we  have  simply  to  substitute  y  for  10,  and 

^  L  for  L  in  equations  (IV)  and  (V),  and  we  get : — 

S.F.  -  ^(iL-  jf)lbs.  .     .     .     .     (XII) 
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And,  B.M.  =  ^  (i  L  -  jr)«  inch-lbs.  .    .  (XIII) 

Under  W  the  shearing  force  and  bending  moment  are  each  a 
maximum.     Their  values  may  be  found  by  making  x  =  0. 

Then  the  Maximum  8.P.  =  £  W  lbs.     .    .     .      (XI  fa) 

And  the  Maximum  B.M.  =  {WL  inch-lbs.   .    (XIII0) 

The  diagrams  of  8.F.  and  B.M.  for  this  case  are  constructed 
in  identically  the  same  way  as  for  a  beam  fixed  at  one  end  and 
carrying  a  uniform  load,  but  taking  J  L  as  a  base  line  instead 
of  L. 

Suppose  that,  instead  of  one  weight  in  the  middle,  the  beam 

is  loaded  with  two  weights,  one  at  each  end,  and  each  equal  to 

W  lbs.,  it  is  easy  to  see  that  the  condition  now  is  that  of  a  beam 

2  W 
uniformly  loaded  with   —=—  lbs.  per  inch-run  and  supported  at 

each  end.     We  have,  therefore,  only  to  apply  formulae  (X)  and 

2  W 
(XI),  substituting  — == —  for  w,  when  we  get : — 

S.P.=  ^.Jflbs (XIV) 

And,  B.M.  -  -J  (JL2  -  *2)  inch-lbs.  ....      (XV) 

Here  the  shearing  force  is  a  maximum  when  x  =  \  L,  and  the 
bending  moment  a  maximum  when  x  =  0. 

Or,  Maximum  S.F.  -  W  lbs.      .....    (XIVa) 

And,  Maximum  B.M.  =  £  W  L  inch-lbs.      .    .      (X  Va) 

The  diagrams  of  S.F.  and  B.M.  are,  therefore,  in  every  way 
similar  to  those  for  a  uniformly  loaded  beam  supported  at  the 
ends. 

Travelling  Loads.  —The  simplest  case  of  a  movable  load  is  that, 
wherein  we  are  given  a  weight,  say  a  heavy  cylindrical  body, 
rolling  along  a  beam,  to  find  the  equations  of  maximum  S.F. 
and  B.M.  for  any  position  of  the  load,  and  exhibit  these  results 
in  a  diagram. 

Referring  to  formulae  (VIII)  and  (IX),  and  the  diagrams 
already  deduced  for  a  fixed  load  in  any  position  on  a  beam,  we 
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have   for   the  maximum    S.F.    to  the  immediate  right  of  the 
load  : — 

S.P.  -  ~  W  lbs. 

And,  to  the  immediate  left  of  the  load  :— 

S.P. £-  W  lbs. 

For  the  maximum  B.M.,  which  occurs  immediately  under  the 
load : — 

B.M  -   ™£  W  inch-lbs. 

Putting  m  =  x  so  that  n  =  L  —  x,   we  obtain,   when  the 
load  is  x  inches  from  the  left  end  of  the  beam  : — 

W  \ 

The  Maximum  S.  F.  {just  to  right  of  the  section)  =  j-x       I 

w       I(XVI) 


(just  to  left  of  the  section)  =  ^-(jr-L)  I 


And,         Maximum  B.M.  =-^(L  -  x)x (XVII) 

To  construct  the  diagram  of  S.F.,  we  observe  that  its  equation 
is  that  of  a  straight  line,  and  that  to  the  right  of  the  section 
considered  its  value  is  zero  when  the  load  just  starts  from  the 
left  end  of  the  beam,  and  increases  uniformly  as  the  load 
approaches  the  other  end.     That  is : — 

When,  x  =  0;   then,  S.F.  =  0. 

Also  when,  x  =  L  ;  then,  S.F.  =  W  lbs. 

There  is  also  another  line  for  the  shear  at  all  positions  just 
to  the  left  of  the.  load.  This  line  passes  through  B,  and  its 
ordinate  is  —  W  at  the  end  A. 

The  equation  of  the  B.M.  curve  is  that  of  a  parabola,  whose 
axis  is  vertical,  and  passes  through  the  middle  point  of  the 
beam,  where,  of  course,  the  maximum  value  of  B.M.  occurs.  To 
construct  this  diagram,  we  have  : — 

When,  x  =  0,  or  x  =  L ;  then  B.M.  =  0. 

Also  when,     x  =  J  L;  then  B.M.  =»  JWL  inch-lbs. 
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Diagrams  or  Maximum  S.F.  and  B.M.  for  Rolling  Load. 

Two  Loads  moving  at  a  fixed  distance  apart.— From  the  above 
simple  case  we  may  easily  pass  to  a  very  important  practical 
example  of  moving  loads — viz.,  overhead  travelling  cranes. 

Here  the  crane  rests  on  a  carriage  with  four  wheels  running 
on  two  rails  carried  by  girders,  the  weight  of  the  whole  machine 
together  with  the  load  being  equally  distributed  over  the  wheels. 
Hence,  considering  one  girder  only,  our  problem  is  reduced  to 
that  of  two  equal  loads  moving  along  the  girder  at  a  fixed 
distance  apart. 


Illustrating  Travelling  Crank  Problem. 

In  the  figure  let  W  be  the  weight  resting  on  each  wheel,  and  c 
be  the  distance  between  their  centres.  If  the  motion  be  supposed 
to  be  in  the  direction  shown  by  the  arrow,  it  is  evident  that 
until  the  carriage  gets  to  the  middle  of  the  girder  the  maximum 
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shearing  force  and  bending  moment  will  occur  under  the  leading 
wheel — that  is,  if  we  estimate  the  shearing  force  to  the  im- 
mediate right  of  the  wheel.  But  as  the  same  thing  takes  place 
in  the  reverse  order  when  the  carriage  moves  from  the  other 
end  of  the  girder  in  the  opposite  direction,  we  shall  take  the 
section  of  the  girder  immediately  under  the  following  wheel 
and  estimate  the  shearing  force  and  bending  moment  for  that 
position.  This  method  of  procedure  will  be  found  to  lead  to 
simpler  equations  than  if  we  had  taken  the  leading  wheel  as  our 
point  of  reference. 

Now,  considering  the  forces  acting  to  the  left  of  the  wheel,  we 
easily  see : — 

That,  S.P.  =  Rr 

And,  B.M.  =  Rx  x  x. 

To  find  Rx  we  take  moments  about  B,  which  gives  us  : — 

Rxx  L  =  W{L-(a  +  c)}  +  W(L-i) 

„       „  -  W{2(L-*)-c}. 

Ht- J{2(L-«)-c}. 
Hence,  S.F.  -  J{2(L-jr)-c}.     .     .     .     (XVIII) 

And,  B.M.  =  J{2(L-jf)-c}jr.      .    .    .    (XIX) 

The  equation  for  the  S.F.  is  that  of  a  straight  line,  and  for  the 
B.M.  a  parabola.  To  find  the  position  and  dimensions  of  those 
diagrams,  we  see  that : — 

W 
When  x  -  0,  S.F.  =  -£  (2  L  -  c),  and  B.M.  -  0. 

Again,  both  S.F.  and  B.M.  will  vanish  when  2  (L-a?)  -  c  =  0 ; 

that  is,  when  x  =  L  -  ^  • 

To  find  the  maximum  ordinate  of  the  B.M.  curve,  we  have 
the  condition  that,  when  the  B.M.  is  a  maximum  : — 

^(B.M.)  =  0. 
That  is,  g-  {2  (L  -  x)  -  c}  x  -  0. 
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Or,  ^{(2L-c)*-2**}  =  0. 

(2L-c)-4<c  =  0. 

„  ■  he 

Hence,  *  =  2  ~  4  ' 

The  shearing  force  diagram  will,  therefore,  consist  of  two 
straight  lines  parallel  to  each  other,  and  the  bending  moment 
diagram  will  consist  of  two  equal  parabolas  intersecting  at  the 
middle  of  the  girder.  The  axes  of  these  equal  parabolas  will 
be  equidistant  from  the  middle  of  the  girder  and  £  o  units 
apart. 

The  following  numerical  ex  urn  pie  will  elucidate  this  important 
case  much  better  than  a  bare  examination  of  formulae: — 

Example  IV. — In  a  travelling  crane  of  40  feet  span  the  load 
is  supported  on  a  carriage  which  runs  upon  two  similar  girders, 
the  axles  of  the  carriage  being  8  feet  apart,  and  a  load  of  2£  tons 
coming  upon  each  wheel.  Obtain  a  diagram  showing  the  maxi- 
mum bending  moment  at  every  section  of  the  girder,  and  give 
the  numerical  values  at  distances  of  10,  15,  and  20  feet  from  one 
end.     (Hons.  S.  <fe  A.  Exam.,  1880.) 

Answer. — Applying  our  general  formulae,  we  have,  for  the 
bending  moment  at  any  distance  x  ft.,  from  one  end  : — 

B.M.  -  ~  [(2L-c)-2a:]ic 

Here,  W  =  2-5  tons,  L  =  40  ft.,  and  c  =  8  ft 

B.M.  =^  [80-8-2*]*. 

Or,  B.M.  =  £  (36  -  x)  x  ft.-tons. 

F<  r  the  numerical  values  asked  for,  we  have: — 
When  x  =  10  ft;  B.M.  =  J  (36  -  10)  10  =  32-5  ft.-tons. 
When  x  =  15  ft;  B.M.  =  £(36  -  15)  15  =  39-375  ft.-tons. 
When  x  =  20  ft ;  B.M.  =  |  (36-  20)  20  =  40  ft.-tons. 

We  have  seen,  that  the  B.M.  attains  its  maximum  value 
when : — 

L       e      40      8 
«-f  ""4"  2~  T=18ft' 

Hence,  the  maximum  B.M.  =  J  (36-  18)  18  =  40-5  ft. -tons. 
The  S.F.  is  not  asked  for  in  the  question,  but  we  here  add  it 
so  as  to  make  the  example  more  complete. 
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The  maximum  S.F.  occurs  when  x  =  0,  and  when  x  «=  L,  ito 
value  for  this  case  then  being : — 

Maximum  S.F.  =  -jg-(80 - 8)  =  45  tons. 

Q 

And,  like  the  B.M.,  it  is  zero  when  as  =  40  --«r-=  36  feet* 

The  following  figure  shows  the  S.F.  and  B.M.  diagrams  as 
required  for  this  example. 

T'f 

45» 


Diagram  of  Maximum  S.F.  and  B.M.  fob  a  Travelling  Crane. 

Distributed  Travelling  Load. — The  last  case  we  shall  consider 
is  that  in  which  a  continuous  load  of  uniform  density,  and 
long  enough  to  completely  cover  it,  comes  on  to  a  girder  and 
moves  off  at  the  other  end,  such  as  a  long  train  of  uniform 
weight  passing  over  a  bridge. 

*Ri 


Illustrating  Travelling  Load  of  Uniform  Intensity. 

In  the  figure,  let  w  denote  the  load  per  unit  of  length.  When 
the  load  is  in  the  position  shown,  it  is  clear  that  the  S.F.,  at 
all  points  to  the  right  of  C,  will  be  equal  to  R2  ;  and  that  at  any 
section  D,  to  the  left  of  C,  the  S.F.  will  be  less  than  R2  by  the 
weight  of  the  portion  of  the  load  covering  C  D.      It  at  once 
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follows  that  the  S.F.  is  greatest  at  C,  the  front  of  the  load,  and 
this  is  true  for  all  positions  of  0. 

Hence,  S.F.  =  R2. 

Taking  moments  about  A,  we  have  : — 

R2  x  L  =  iv  x  x\  x. 


R*=  2L- 


That  is, 


S.F.  - 


IV  X* 

TIT 


(XX) 


The  shearing  force  is,  therefore,  proportional  to  the  square  of 
the  length  of  the  part  of  the  load  resting  on  the  girder. 

The  curve  of  the  maximum  bending  moment  is  very  easily 
deduced  in  this  case.  We  have  only  to  remember  that  the  B.M. 
at  any  fixed  section  in  the  girder  will  get  greater  and  greater  for 
every  additional  part  of  the  load  that  comes  upon  it;  so  that 
when  the  girder  is  wholly  covered  by  the  load  the  B.M.  at  every 
position  will  then  be  a  maximum.  The  B.M.  diagram  is  there- 
fore identical  with  that  given  for  a  beam  loaded  uniformly, 
whilst  the  S.F.  diagram  becomes  a  parabola  instead  of  a  straight 
line. 

The  following  figure  shows  how  the  S.F.  and  B.M.  diagrams 
are  constructed  for  this  case. 


S.F.  and  B.M.  Diagrams  for  Travelling  Continuous 
Load  of  Uniform  Intensity. 
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Lecture  XXXI.— Questions. 

1.  Define  "bending  moment"  and  "  shearing  force."  A  uniform  beam 
weighing  15  cwts.  rests  on  supports  at  its  ends  20  feet  apart.  The  beam 
is  loaded  with  three  weights  of  4,  6,  and  10  cwts.  at  distances  of  2,  7,  and 
12  feet  respectively  from  one  of  the  supports.  Find  the  B.M.  and  S.F. 
at  a  point  8  feet  from  the  same  support.  Ana.  B.M.  =98  ft. -cwts.; 
S.F.  =--3  cwts. 

2.  A  bar  of  Dine  44  inches  long  rests  on  props  at  its  extremities,  and  just 
supports  10  weights,  of  14  lbs.  each,  hung  at  equal  intervals  of  4  inches 
along  the  rod.  Find  the  amount  of  a  single  weight,  which,  ir  hung  at  the 
centre  of  the  bar,  would  strain  it  to  the  same  extent.     Ana.  43 '27  lbs. 

3.  A  batten  of  fir,  6  feet  in  length  and  supported  at  its  extremities,  will 
just  sustain  a  load  of  520  lbs.  when  hung  at  the  centre.  If  this  weight  be 
removed,  and  two  weights,  each  equal  to  P  lbs.,  be  hung  at  distances  of 
2  and  4  feet  along  the  bar,  what  is  the  greatest  value  which  may  be 
assigned  to  P  ?    A  na.  390  lbs. 

4.  A  beam,  20  feet  long,  whose  weight  is  neglected,  is  supported  at  both 
ends  and  loaded  with  1  ton  evenly  distributed  along  its  length.  Find 
the  bending  moment  at  a  distance  of  7  feet  from  one  end.  Arts.  5,096 
ft.-lbs. 

5.  A  beam,  whose  weight  may  be  neglected,  rests  on  supports  at  its  ends 
15  feet  apart.  Weights  of  10,  6,  5,  and  12  cwts.  rest  on  the  beam  at 
intervals  of  3  feet  apart,  the  weight  of  10  cwts.  being  3  feet  from  one 
support.  Find  the  points  where  the  maximum  bending  moment  and 
■hearing  force  occur,  and  obtain  their  values.  Construct  the  diagrams 
of  bending  moments  and  shearing  force  for  the  whole  beam.  Ana.  The 
max.  B.M.  =  66  ft. -cwts.,  and  occurs  at  all  points  between  the  weights 
6  and  5 cwts.;  the  max.  S.F.  =  17  cwts.,  and  occurs  at  the  point  where 
the  weight  of  12  cwts.  rests. 

6.  A  uniform  cantilever,  or  beam  fixed  at  one  end  and  free  at  the  other, 
10  feet  long,  weighs  6  cwts.,  and  carries  two  loads,  one  of  2  cwts.  at  the 
free  end,  and  the  other  4  cwts.  at  its  middle  point.  Construct  the 
shearing  force  diagram  for  the  whole  cantilever,  and  find  the  shearing 
forces  at  points  2^  feet  and  6  feet  from  fixed  end.  Ana.  10*5  cwts.; 
4*4  cwts. 

7.  A  block  of  wood  weighing  800  lbs.,  20  feet  long  and  12  inches  square, 
floats  in  water,  and  is  loaded — 

(1)  By  a  weight  of  200  lbs.,  placed  at  each  extremity; 

(2)  By  a  weight  of  400  lbs.  at  the  centre. 

Show  what  forces  act  on  the  beam,  and  draw  the  curves  of  shearing  force 
and  bending  moment  for  each  case. 

8.  A  girder  is  supported  at  both  ends,  and  has  a  clear  span  of  3i)  feet. 
Show  by  means  of  a  curve  the  position  and  magnitude  of  the  greatest 
bending  moment  produced  by  a  load  of  20  tons  as  it  rolls  from  one  end  to 
the  other  of  the  girder.  Obtain  the  numerical  results  for  distances  respec- 
tively of  10  and  15  feet  from  one  end.     (S.  &  A.  Hons.  Exam.,  1895.) 

9.  Prove  an  algebraic  formula  to  show  that,  with  a  continuous  load  of 
uniform  intensity  passing  over  a  beam  AB  such  as  when  a  long  train 
passes  over  a  bridge  A  to  B,  the  maximum  shearing  stress  to  any  point 
&  of  the  beam  occurs  when  the  part  A  K  is  fully  loaded  while  the  part 
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K  B  is  entirely  unloaded,  and  that  the  magnitude  of  the  stress  is  propor- 
tional to  the  square  of  the  distance  of  K  from  the  point  A.  A  train  of 
1  ton  per  foot  run,  and  upwards  of  100  feet  in  length,  passes  over  a  bridge 
of  100  feet  span;  what  would  be  the  maximum  shearing  stresses  at  distances 
of  25  and  50  feet  respectively  from  one  end  of  the  bridge  ?  Show  how  to 
determine  graphically  the  shearing  stresses  in  the  beam.  (8.  &  A.  Hon*. 
Exam.,  1806.) 

10.  What  occurs  at  the  cross-sec  firm  of  a  horizontal  beam,  carrying 
vertical  loads?  Where  is  the  neutral  lino?  What  is  the  value  of  the 
st  rcss  at  any  place  ?  What  is  meant  by  bending  moment  ?  Describe  any 
model  which  illustrates,  however  roughly,  what  occurs  at  a  section  of 
the  beam.     (Adv.  S.  &  A.  Exam.,  1898.) 

11.  Prove  the  ordinary  formula  for  the  deflection  of  a  beam  of  length  /, 
supported  at  its  ends  and  loaded  in  the  middle  with  a  load  W.  A  beam  of 
uniform  rectangular  section  supported  at  the  ends  is  20  feet  between  the 
supports ;  what  Bhould  be  its  depth  in  order  that  the  deflection  may  not 
exceed  25  inch  under  a  maximum  stress  of  8,000  lbs.  per  square  inch  of 
section?    E  =  28  x  108  lbs.  per  square  inch.     (S.  and  A.  H.,  Part  I.,  1899.) 

12.  A  symmetrically  loaded  beam  of  uniform  section ;  give  i  the  diagram 
of  bending  moment  when  supported  at  its  ends,  what  is  the  easy  rule  for 
obtaining  the  diagram  when  the  beam  is  fixed  at  the  ends?  Prove  the 
rule  to  be  correct.    (S.  and  A.  H.,  Part  I.,  1899.) 

13.  A  wall  has  to  be  carried  over  a  gap  of  10  feet,  and  it  is  proposed  to 
use  a  rolled  steel  joist  for  the  purpose.  What  size  of  joist  would  you  adopt 
from  the  following  data :  (a)  the  weight  of  wall  is  equivalent  to  a  uniformly 
distributed  load  of  2,600  lbs.  per  foot  run  of  joist ;  (b)  the  greatest  intensity 
of  stress  per  square  inch  is  not  to  exceed  5  tons ?   (C.  k  G. ,  1900,  H. ,  Sec.  A. ) 

14.  Show  how  to  obtain,  and  sketch  the  diagrams  of  maximum  possible 
bending  moment  and  maximum  possible  shear  for  a  uniform  rolling  load  of 
a  given  amount  per  foot  run,  as  it  passes  over  a  girder  of  given  span. 

(C.  &G.,  1900,  H.,  Sec.  A.) 

15.  A  girder  of  22  feet  span  is  supported  at  the  two  ends,  a  load  of  10 
tons  rests  on  a  point  2  feet  from  the  left  end,  and  two  other  loads  of  0  and 
7  tons  respectively,  at  distances  of  7  and  13  feet  respectively  from  the  first 
load  :  find  the  bending  moment  in  inch  tons  under  each  load,  and  also  the 
shearing  force.     (C.  &  G.,  1900,  O. ,  Sec.  B.) 

16.  A  steel  joist  is  used  as  a  girder  on  a  span  of  17  feet  6  inches,  and  is 
freely  supported  at  the  two  ends.  It  carries  a  uniformly  distributed  load 
of  18  cwts.  per  foot  run,  an  i  two  concentrated  loads,  one  of  3  tons  3  feet 
from  the  left-hand  support,  and  another  of  If  tons  10  feet  from  the  same 
end.  Find  the  bending  moments  in  inch -pounds  under  each  of  the  concen- 
trated loads,  and  also  at  the  centre  of  the  girder,  and  also  the  shearing 
forces  in  pounds  at  each  of  these  points.  Sketch  the  bending  moment 
diagram  for  the  whole  girder.     (C.  &  G.,  1901,  O.,  Sec.  B.) 

17.  A  girder,  supported  at  the  two  ends,  is  10  feet  long,  and  is  loaded 
uniformly  with  a  load  of  £  ton  per  foot  run,  and  also  carries  a  weight  of  3 
tons  placed  2  feet  from  one  support.  Sketch  the  curves  of  shearing  force 
and  bending  moment,  and  find  their  numerical  values  at  the  centre  of  the 
span  and  at  a  section  immediately  under  the  concentrated  load. 

(C.  AG.,  1902,0.,  Sec.  B.) 
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Lecture  XXXI.— A.  M.Inst.  C.E.  Questions. 
1.  A  cantilever  20  feet  long  carries  the  loads  shown  in  the  sketch.   Draw 
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diagrams  of  bending  moment  and  shearing  force.     (f.C.E.,  Oct.,  1897) 

2.  A  rolled  steel  joist  40  feet  in  length,  and  having  the  section  shown  in 
the  fig. — which  may  be  taken  as  equivalent  to  depth  10  inches,  breadth 
5  inches,  thickness  throughout  £  inch — is  continuous  over 
three  supports,  forming  two  spans  of  20  feet  each.  What 
uniformly  distributed  load  would  produce  a  maximum  stress 
of  5£  tons  per  square  inch  ?  Sketch  the  diagrams  of  bending 
moments  and  r hearing  force.     (I. C.E  ,  Feb.,  1898.) 

3.  A  rectangular  beam  of  timber,  12  inches  square  and 
15  feet  between  supports,  is  subjected  to  a  uniformly  dis- 
tributed load  of  200  lbs.  per  foot  run.  Illustrate  diagram - 
matically  the  distribution  of  shearing  and  longitudinal  stresses  over  a 
transverse  section  3  feet  from  one  of  the  supports,  and  determine  the 
greatest  intensity  of  each  stress.     (I.G.E.,  Feb.,  1898.) 

4.  A  train,  equivalent  to  a  uniform  rolling  load  of  30  owts.  per  foot,  has 
entered  upon  a  single-line  girder  bridge  of  100  feet  span,  and  extends  over 
80  feet  01  the  span  (from  the  first  abutment).  The  dead  weight  of  the 
structure  is  a  uniform  load  of  1  ton  per  foot.  Calculate  the  vertical 
shearing  force  at  the  head  of  the  train,  due  to  dead  and  live  loads,  taking 
both  girders  together.     (I.C.E.,  Oct.,  1898.) 

5.  If  the  rolling  load,  in  the  last- mentioned  case,  consisted  of  any  known 
system  of  loaded  axles,  how  would  you  proceed  to  find,  by  calculation  or 
by  graphic  construction,  the  maximum  shearing  forces  at  various  points  in 
the  span,  due  to  live  had  only?    (I.C.E.,  Oct.,  1898.) 

6.  In  the  beim  A  B  C  D  E,  the  length  (  A  E)  of  24  feet  is  divided  into 
four  equal  panels  of  6  feet  each  by  the  points  B,  C,  D.  Draw  the  d  agram 
of  moments  for  the  following  conditions  of  loading,  writing  their  values  at 
each  panel-point: — 1st  Beam  supported  at  A  and  E,  loaded  at  D  with  a 
weight  of  10  tons.  2nd,  Beam  supported  at  B  and  D,  loaded  w.th  10  tons 
at  0,  and  with  a  weight  of  2  tons  at  each  end  A  and  K.  3rd,  Bea  u 
encastrt  from  A  to  B,  loaded  with  a  wi  ight  of  2  tons  at  each  of  the  poin'  s 
C,  D,  and  E.     (I.C.E.,  Oct.,  1898.) 

7.  A  floating  balk  of  timber,  40  feet  long,  of  straight  prismatic  form, 
carries  a  weight  of  6  cwts.  slung  from  its  centre.  Sketch  the  diagram  of 
bending  moments  in  the  beam,  and  calculate  the  shearing  force  at  a  point 
10  feet  from  the  end.     (I.  C.  E. ,  Oct. ,  189S. ) 

8.  A  horizontal  beam  span  2a  is  supported  at  the  ends  and  loaded 
uniformly  with  w  lbs.  per  foot  run  ;  show  that  the  shearing  force  and 
bending  moment  at  any  point  distant  x  from  the  centre  are  given  by  the 
formulae : — 

F  =  wx  M  =  J  w  (a*  -  x*j. 

Show  how  these  straining  actions  are  represented  graphically. 

(I.C.E.,  Oct.,  1899.) 
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9.  A  beam  24  feet  span  is  supported  horizontally  at  the  ends,  and  loaded 
with  weights  of  3  and  5  tons  concentrated  at  points  distant  8  and  18  feet 
from  one  end.  Construct  roughly  to  scale  diagrams  showing  the  shearing 
force  and  bending  moment  at  any  point.     (I.C.E.,  Oct.,  1S99.) 

10.  Explain  carefully  the  connection  which  exists  between  the  shearing 
force  and  the  bending  moment  at  any  point  of  a  loaded  beam,  (1)  when  the 
load  is  continuous,  (2)  when  it  is  concentrated  at  various  points.  Illustrate 
your  remarks  by  reference  to  the  special  cases  given  in  questions  6  and  7. 

(I.C.E.,  Oct.,  1899.) 

11.  The  platform  of  a  bridge,  40  feet  span,  rests  on  a  pair  of  girders 
below  and  is  loaded  uniformly  with  2,000  lbs.  per  foot  run.  Construct 
to  scale  diagrams  showing  the  shearing  force  and  bending  moment  at  any 
point  of  one  of  the  girders,  and  find  the  maximum  values  of  these  straining 
actions.     (I.  C.  E. ,  Feb. ,  1 900. ) 

12.  A  four-wheeled  truck  weighing  8  tons  traverses  the  bridge  of  the 
preceding  question;  5  tons  resting  on  the  leading  pair  of  wheels  and 
3  tons  on  the  following  pair,  axles  8  feet  apart.  Find  the  maximum 
straining  actions  at  the  centre  of  one  of  the  girders.     (I. C.  E. ,  Feb. ,  1900. ) 

13.  A  rectangular  tank  10  feet  square  is  carried  by  three  beams  below, 
each  supporting  an  equal  share  of  the  whole  weight  of  14  tons  The 
section  of  each  beam  being  rectangular,  depth  8  inches,  breadth  3  inches, 
find  the  maximum  stress  on  the  material.     (I.C.  IS.,  Feb.,  1900.) 

14.  A  girder  of  uniform  section  is  continuous  over  the  two  centre  piers 
of  a  bridge  of  three  equal  spans,  the  ends  being  simply  supported  by 
piers  at  precisely  the  same  level.  Find  the  points  of  contrary  flexure, 
and  construct  diagrams  showing  the  shearing  force  and  bending  moment 
at  any  point  when  uniformly  loaded  throughout.     (I.C.E.,  Feb.,  1900.) 

1 5.  A  rigid  body  of  unit  width  is  rectangular  in  vertical  section,  which  is 
30  feet  long  and  10  feet  high.  A  force  of  20  tons  is  applied  vertically  to 
its  upper  surface,  one-third  the  length  from  one  vertical  face,  on  the  centre 
of  which  a  normal  force  of  10  tons  acts.  If  the  specific  gravity  of  the 
block  is  2£,  find  the  distribution  of  pressure  on  the  base. 

(I.C.E.,  Feb.,  1900.) 

16.  A  beam,  ABCD,  whose  length.  A  D,  is  40  feet,  is  supported  at  the 
two  points,  A  and  C,  which  are  30  feet  apart.  The  beam  itself  weiglis  1 12 
lbs.  per  lineal  foot,  and  it  carries  a  load  of  1  ton  at  the  overhanging  end, 
D  Find  the  reaction  at  the  support,  C,  and  also  the  bending  moment  at 
a  point,  B,  midway  between  A  and  C.     (I.C.E.,  Oct.,  1900.) 

17.  A  cantilever  bridge  (of  the  Kentucky  type)  consists  of  three  equal 
spans,  A  B,  BC,  and  C  D,  of  300  feet  each,  the  girder  being  hinged  at  two 
points,  F  and  G,  which  are  situated  in  the  side-spans  at  a  distance  of  200 
feet  from  each  end  of  the  bridge  ;  so  that  A  F  is  a  span  of  200  feet  carried 
at  F  upon  the  cantilever,  FB,  100  feet  in  length,  forming  part  of  the 

Sirder,  FBCG,  which  is  supported  at  B  and  at  0.  Assume  a  uniform 
ead  load  of  3  tons  per  foot  lineal  throughout,  and  a  rolling  load  equiva- 
lent to  2  tons  per  foot  of  train.  Calculate  the  bending  moment  at  the 
centre  of  each  span — first,  when  the  rolling  load  extends  from  B  to  C ; 
and  second,  when  it  extends  from  A  to  B  ana  from  C  to  D. 

(I.C.E.,  Oct.,  1900.) 

18.  A  beam  is  laid  horizontally  upon  two  supports  which  are  12  feet 
apart,  and  projects  at  each  end  6  feet  beyond  the  support.     A  load  of 

.  2  tons  is  carried  upon  each  of  the  projecting  ends,  and  a  load  of  I  ton 
upon  the  centre  of  the  span.  Calculate  the  bending  moment  at  the  centra 
and  also  at  each  support ;  and  sketch  the  diagram  of  moments  neglecting 
the  weight  of  the  beam.     (I.C.E.,  Feb.,  1901.) 
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19.  If  a  straight  prismatic  balk  of  timber  floats  in  a  horizontal  position 
with  a  weight  of  4  cwU.  hung  to  each  end,  what  will  be  the  bending 
moment  at  the  centre  of  its  length  ?    ( I.  C.  E. ,  Feb. ,  1901. ) 

20.  Two  piers  in  a  cantilever  bridge  stand  at  a  distance  of  240  feet  apart 
(between  centres  of  supports)  and  the  span  is  crossed  by  a  girder  320  feet 
in  length,  whose  ends  project  as  cantilevers  extending  40  feet  beyond  each 
support.  A  uniform  load  of  15  cwts.  per  foot  is  distributed  over  the  whole 
length  of  this  girder,  while  each  cantilever  carries  60  tons  at  the  extreme 
end.  Find  the  bending  moment  at  each  pier  and  at  the  centre  of  the 
span.     (I.C.E.,  Feb,,  1901.) 

21.  Construct  the  diagram  of  moments  for  the  case  described  in  the  previous 
question,  and  calculate  the  shearing  force  immediately  to  the  right  and  to 
the  left  of  each  support.     (I.C.E.,  Feb,,  1901.) 

22.  Determine  by  exact  computation  the  position  of  the  points  of 
contrary  flexure  in  the  girder  described  in  the  two  previous  questions. 

(I.C.E.,  Feb.,  1901.) 

23.  The  total  length,  AE,  of  a  floating  pontoon  is  80  feet,  and  the 
centre-line,  A  B  C  D  E,  is  divided  into  four  equal  parts  by  the  intermediate 
points,  B,  C,  and  D.  The  pontoon  has  a  uniform  weight  per  foot  lineal 
and  a  uniform  cross-section  throughout,  and  floats  without  sensible  curva- 
ture with  a  uniform  draught  'of  water.  Regarding  the  vessel  as  a  girder, 
construct  the  diagram  of  bending  moments  for  the  following  loads : — 
(I)  A  single  load  of  240  tons  at  C.  (2)  A  load  of  80  tons  at  each  of  the 
points,  B,  C,  and  D.  In  the  latter  case  find  the  moments  at  10  feet 
intervals  from  A  to  C.     (LC.E.,  Feb.,  1901.) 

24.  A  girder,  crossing  a  span  of  120  feet,  carries  a  uniformly  distributed 
load  of  10  cwts.  per  foot  and  a  central  load  of  20  tons.  Find  the  vertical 
shearing  force  at  a  section  30  feet  from  either  support.    (I.C.  E  ,  Feb. ,  1901 . ) 

25.  In  a  certain  ship  450  feet  in  length  it  is  found,  that  for  the  central 
200-foot  length,  the  weight  of  the  displaced  water  corresponding  to  this 
length  exceeds  the  weight  of  that  portion  of  the  ship  by  900  tons,  while  in 
each  of  the  125-foot  end  sections  their  weight  exceeds  that  of  the  water 
displaced  by  450  tons.  Find  the  maximum  bending  moment  in  the  ship's 
structure  (its  total  weight  is  7,000  tons)  when  lying  in  still  water. 

(I.C.E.,  Oct.,  1901.) 

26.  A  rolling  load  of  1J  tons  per  foot  run  crosses  a  bridge  of  120- foot 
span.  Find  the  maximum  bending  moments  and  shearing  forces  which 
can  occur  at  sections  of  the  bridge  distant  30,  60,  and  90  feet  respectively 
from  one  end.  Sketch  diagrams  of  maximum  possible  bending  momenta 
and  shearing  forces  for  the  whole  bridge  produced  by  the.  above  rolling 
load.  The  main  girders  of  the  bridge  are  of  the  bowstring  type.  Show 
how  you  could  determine  by  the  method  of  sections  the  maximum  stresses 
in  the  diagonals  and  verticals  produced  by  the  above  rolling  load. 

(I.C.E.,  Oct.,  1901.) 

27.  A  continuous  girder  consists  of  two  equal  spans  of  45  feet  each. 
Determine  the  bending  moments  at  the  supports,  the  maximum  inter- 
mediate bending  moments  and  the  reactions,  if  a  uniformly  distributed 
load  of  2,000  lbs.  per  foot  run  covers  both  spans.  Assume  both  ends  of 
the  girder  are  free.     (I.C.E  ,  Oct.,  1901.) 

28.  A  beam  supported  free  at  the  two  ends,  bends  under  its  own  weight ; 
find  the  upward  force  at  the  centre  which  will  just  neutralise  this  bending 
action,  expressing  the  answer  in  terms  of  the  weight  of  the  beam. 

(I.C.E.,  Oct.,  190  .) 

29.  A  beam  of  timber  15  feet  long,  18  inches  by  12  inches  cross-section, 
floats  in  sea  water,  and  is  loaded  at  the  centre  with  a  weight  just  sufficient 

22 
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to  totally  immerse  it.  Find  the  maximum  value?  of  the  bending  moment 
and  shearing  force  on  the  beam,  and  state  approximately  how  they  vary. 
(Specific  gravity  of  oak  0*73,  of  sea-water  1-02(5.)    (I.C.E.,  Feb.,  1902.) 

30.  A  steel  rail  is  32  feet  long  and  weighs  100  lbs.  per  yard.  It  rests  on 
two  supports,  one  at  one  end  of  the  rail,  the  other  at  a  point  10  feet  from 
the  other  end  of  the  rail.  Find  the  position  and  amount  of  the  maximum 
bending  moment  and  shear  when  a  weight  of  200  lbs.  hangs  from  the  free 
end.  Construct  the  bending  moment  and  shearing  force  diagrams  for  this 
rail.     (LC.E.,  Feb.,  1902.) 

31.  A  girder  has  a  span  of  40  feet,  and  two  rolling  loads  of  10  tons  and 
15  tons  respectively  10  feet  apart  pass  over  it.  Find  ihe  maximum  bending 
moment  which  can  occur  at  any  section  and  the  maximum  shear,  ana 
construct  diagrams  of  maximum  possible  bending  moment  and  shear. 

(I.C  E.,  Feb.,  1902.) 

32.  In  a  bridge,  120  feet  span,  with  eight  bays,  the  main  girders  are  con- 
nected together  by  trough  flooring,  on  which  a  uniform  live  load  of  2  tons 
per  foot  moves.  Draw  the  positions  of  the  moving  load  which  would  give 
a  maximum  stress  in  the  braces.     (I.C.E.,  Oct.,  1902  ) 

33.  Compare  the  loads  which  can  be  safely  carried  at  the  centre  of  a  bar 
12  feet  long,  6  inches  deep,  and  2  inches  broad,  and  of  a  girder  of  the  same 
length  and  cubic  contents  whose  overall  depth  is  14  inches  and  breadth  of 
flange  4}  inches,  thickness  of  web  £  inch.     (I.C.E.,  Oct.,  1902.) 

34.  A  girder  70  feet  long  carries  a  uniform  load  of  2  tons  per  lineal  foot 
from  one  end  to  the  middle,  and  a  load  of  20  tons  at  20  feet  from  each  end ; 
draw  the  bending- moment  and  shearing-force  diagrams. 

(I.C.E.,  Feb.,  1903.) 

35.  In  a  plate  girder  the  maximum  intensity  of  stress  at  right  angles  to 
the  vertical  cross-section  of  the  web  is  5  tons  per  square  inch,  and  the 
intensity  of  shearing  stress  there  is  2  tons  per  square  inch ;  find  the  position 
of  the  planes  of  the  principal  stresses  at  that  point  and  their  intensities. 

(I.C.E.,  Feb.,  1903.) 

36.  Would  two  similar  girders  of  the  same  length  carry  more  weight  if 

1>laced  alongside  each  other,  or  if  one  is  placed  over  the  other,  and  the 
ower  flange  of  one  is  riveled  to  the  upper  flange  of  the  other?  Give 
reasons  for  your  answer.     ( 1.  C.  E. ,  Feb. ,  1903. ) 
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LECTURE  XXXII. 

Contents.— -Resistance  of  Beams  to  Flexure— Examples  I.,  11.,  III.,  and 
IV. — Thin  Wrought-Iron  Girders— Example  V. — Curvature  and  De- 
flection of  Beams— Example  VI. — Uniform  Beam  on  Three  Supports 
—Uniform  Beam  fixed  at  one  end  and  supported  at  the  other— Beams 
fixed  at  both  ends  and  loaded  at  centre— Beams  fixed  at  both  ends  and 
loaded  uniformly — Tables — Questions. 

Resistance  of  Beams  to  Flexure.— In  the  previous  Lecture  we 
saw  that  the  effect  of  loading  a  beam  was  to  give  rise  to  both 
shearing  and  bending. 

From  the  theory  of  couples  set  forth  in  Vol.  I.  we  know  that 
nothing  but  a  couple  can  balance  a  couple.  The  resistance 
which  a  beam  offers  to  bending  must  be  of  this  nature,  and 
therefore  a  couple  of  equal  magnitude  to  that  of  the  applied  load, 
but  of  opposite  tendency.  The  tendency  of  the  applied  couple 
is  to  bend  or  curve  the  beam,  whilst  the  tendency  of  the 
induced  couple  is  to  oppose  this  curving  action. 

When  a  beam  is  curved  the  longitudinal  fibres  on  the  convex 
side  of  it  are  stretched  beyond  their  normal  length,  and  con- 
sequently they  are  in  tension.  On  the  concave  side  the  fibres 
O 


Illustrating  Flexure  or  Beams. 

are  shortened,  and,  therefore,  they  are  in  compression.  Some- 
where within  the  beam  there  must  be  a  layer  of  fibres  that  are 
neither  lengthened  nor  shortened,  and  are  therefore  unstressed. 
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This  layer  is  termed  the  neutral  surface  of  the  beam,  and  the 
intersection  of  this  surface  with  any  cross-section  of  the  beam  is 
termed  the  neutral  axis  of  that  section.  The  neutral  axis  is  of 
fundamental  importance  in  the  theory  of  beams,  because  it  is  the 
fulcrum  about  which  both  the  bending  and  resisting  couples  act 

We  shall  now  find  the  position  of  the  neutral  axis  of  any 
given  section  of  a  beam. 

Let  I  be  the  length  of  a  small  portion  of  the  neutral  surface ; 
l'  that  of  a  parallel  layer  of  fibres  on  the  stretched  side  of  the 
beam,  and  at  a  distance  y,  from  the  neutral  surface.  If  Z'=  I 
when  the  beam  is  straight,  it  is  evident  that  the  amount  of 
stretch  in  the  fibres  at  distance,  y,  from  the  neutral  surface  will 

V  -  I 
be  t  -  l9  and  the  strain  — — .     Let  p  denote  the  radius  of  cur- 
vature of  the  neutral  surface  at  the  cross-section  bisecting  I. 
Then  the  radius  of  curvature  corresponding  to  V  will  be  =  p  +  y. 

Hence,  i±*  =  \ , 

or  yJ—1 

If  /  be  the  tensile  stress  at  distance  y,  from  the  neutral  axis, 
and  E  the  modulus  of  elasticity  of  the  material,  we  already 
know  that : — 


stress 
strain 


E, 


Or,  j4?  =  E. 


Substituting  —  for  -j-,  and  inverting,  we  get : — 

1       /  m 

If  we  had  considered  in  the  same  way  a  layer  of  fibres  at  a 
distance  y\  to  the  concave  side  of  the  neutral  surface,  and 
denoted  the  stress  there  as  -/'  (the  minus  sign  indicating  com- 
pressive stress),  we  should  have  arrived  at  the  equation  : — 

1-~f  /IV 
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Let  a  be  a  small  element  of  the  cross-sectional  area  at  a 
distance  y,  then  on  the  one  side  of  the  neutral  axis  we  have  for 
the  total  resistance  to  tension  : — 

Yaf-jVay (II) 

On  the  other  side  of  the  neutral  axis  the  total  resistance  to 
compression  is : — 

-So/'-'  ?ay'. (II.) 

But  these  forces  constitute  a  couple,  and  are  therefore  equal. 
Hence,  equating  the  right  hand  members,  we  have,  neglecting 

E 

the  common  factor,    — : — 2 ay  =  Say'. 

The  neutral  axis,  therefore,  passes  through  the  centre  of  area 
of  each  cross-section.  If,  however,  E  be  not  the  same  for  Tensile 
and  Compressive  stresses,  then  the  N.A.  will  not  pass  thiotigh 
the  centre  of  the  area,  but  will  lie  to  the  side  having  the  greater 
value  of  E. 

To  obtain  the  magnitude  of  the  resisting  couple,  we  multiply 
the  resistances,  af  and  a/',  by  their  respective  distances,  y  and 
y',  from  the  neutral  axis,  and  sum  up  these  products  for  the 
whole  section.  Thus,  from  equation  (II)  the  total  moment  of 
resistance  on  the  convex  side  of  the  neutral  axis  is : — 

E 

?>*fy=  r^ay*; 


p 


And  on  the  concave  side : — 


-2a/'y'  =   5-2  ay". 

The  sum  of  these  results  constitutes  the  total  Resisting 
Moment,  R.M.,  for  the  section. 

Hence,  R.M.  =  -2ay*  +  —  2a  y'2. 

P  P 

There  is  now  no  longer  any  need  for  distinguishing  between 
y  and  y',  since  the  process  of  summation  is  the  same  all  over  the 
cross-section.     We,  therefore,  finally  get : — 

R.M.  =  -2ay2 (Ill) 

The  quantity  2 ay2,  being  a  purely  geometrical  function, 
depending   only   on   the  form  of   the  section,  is   termed   its 
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Moment  of  Inertia,  and  is  usually  denoted  by  the  symbol  T, 
and  sometimes  by  the  product  A&2  (see  Lecture  XXII). 
Table  II.,  Lecture  XXII.,  gives  the  values  of  k2  for  most  of 
the  sections  required  in  the  following  examples.  These  multi- 
plied by  A  will  give  the  required  values  of  I. 

Writing  I  for  2  a  y2,  our  equations  become  :— 

B.M.  =R.M.  =  — : 

9   ' 

1         M 
Or,        the  curvature, —  =  «-=. (IV) 

Where  M  stands  for  either  the  B.M.  or  K.M. 
Again,  from  equations  (I)  and  (Ia),  we  get : — 

/=E  =  M 

y     p      I 

M  =  ^I        \ (V) 

Or,  /  -  *y 

Formulae  (IV)  and  (V)  are  the  fundamental  equations  of  the 
theory  of  the  strength  of  beams  and  girders.  In  applying  the 
latter  equation,  it  must  always  be  borne  in  mind  that  /  stands 
for  either  the  tensile  or  compressive  stress  at  any  distance  y, 
above  or  below  the  neutral  axis. 

The  greatest  stress  comes   on   the  fibres  farthest  from  the ' 
neutral   axis,  and  is   the    principal  effect  to  be  considered  in 
questions  of  strength.     If  this  is  amply  provided  for,  the  beam 
will  be  safe.   Let  y  now  denote  the  distance  of  the  fibres  farthest 
from  the  neutral  axis  : — 

Then,  /^  -  *  x  y  =  M  + 1. 

The  ratio  -  is  usually  denoted  by  Z,  and  is  called  the  Modulus 
of  the  Section.* 

•See  Prof.  Unwind  I  lemerds  of  Machine.  Design,  Pages  56  to  59,  for  a 
table  of  the  moduli  of  sections  of  beams,  where  Z  =    .    AJbo,  in  Seaton  & 

y 

Rounthwaite's  Pocht  Book  of  Marine  Engineering  Rules  awl  Tables,  from 
which  we  extracted  the  tables  at  the  end  of  this  lecture,  we  also  find 

Z  =    -  as  the  modulus  of  the  section. 
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Hence,  writing  Z  for  -  ,  we  have : — 
y 

M 
fmax.  "  "J  y (V]) 

Or,  M  -  Zfm 


In  applying  this  equation  the  student  must  be  careful  to 
remember  that  in  those  cases  where  the  section  of  the  beam  or 
girder  is  not  symmetrical  about  the  neutral  axis,  there  will  be 
two  values  of  y  to  be  taken  into  account,  and  therefore  two 
values  of  Z.  On  the  whole,  we  think  it  safer  to  adhere  to  the 
general  formula  (  V)  as  being  less  likely  to  lead  to  confusion ;  at 
the  same  time,  it  is  very  convenient  to  use  equation  (VI)  in 
taking  out  quantities  in  the  drawing  office  by  aid  of  tables  since 
it  reduces  the  work  of  calculation. 

Example  I. — A  floor  joist,  12  inches  deep  and  3  inches  broad, 
has  a  span  of  15  feet,  and  carries  a  uniformly  distributed  load  of 
1  cwt.  per  foot-run.  Find  the  greatest  intensity  of  stress  within 
the  timber.     (S.  and  A.  Adv.  Exam.,  1891.) 

AN8WEK. — In  problems  involving  the  calculation  of  stress 
within  the  beam,  the  student  will  find  it  best  to  express  all 
dimensions  in  inches,  and,  therefore,  bending  moments  in  ineftr 
lbs.  or  inch-tons  as  the  case  may  be. 

In  this  problem  the  greatest  stresses  will  occur  at  the  middle 
of  the  joist  where  the  bending  moment  attains  its  maximum 
value,  which,  in  this  case,  is : — 

Max.  B.M,  =  jw)L8  inch-lbs. 


Here, 

112  IK 

And, 

L  =  15  x  12  inches. 

• 

B.M.  =  |  x  (~)  x  (15  x  12)*  inch-lbs. 

Or, 

B.M.  =  14  x  15  x  15  x  12               „ 

The  value  of  I  for  a  rectangular  section  is  :— 
I  -  Yo  (breadth)  x  (depth)' 

Or,  I  =  ^  x  3  x  12*  =  3  x  12  x  12. 
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The  greatest  stress  at  the  middle  section  of  the  joist  will 
occur  in  the  fibres  farthest  away  from  the  neutral  axis.  Hence, 
y  =  6  inches. 

Applying  equation  (V)  we  have : — 

,      B.M. 

U  x  15  x  15  x  12       -       ertB  „  . 

»  = 3  x  12  x  12 X  6  *  525  lb8,  Per  8q'  hL 

Example  II. — A  uniform  beam  of  oak,  10  feet  long,  15  inches 
deep  and  10  inches  wide,  sustains,  in  addition  to  its  own  weight, 
a  load  of  5,000  lbs.  placed  at  the  centre.  Find  the  greatest 
bending  moment  and  the  greatest  stress  in  the  fibres. 

The  specific  gravity  of  oak  is  0*934.  (S.  and  A.  Adv.  Exam., 
1894.) 

Answer. — Here  the  greatest  bending  moment  takes  place 
at  the  centre  of  the  beam  and  is  made  up  of  two  parts :  (1)  that 
due  to  the  beam's  own  weight  which  is  uniformly  distributed 
along  its  length ;  and  (2)  that  due  to  the  5,000  lbs.  concentrated 
at  its  middle. 

For  (1),  B.M^  =  \  w  L2  inch-lbs. 

And  for  (2),    B.M.2  =  JWL 

.\     Total,        B.  M.  =Ju/L2  +  |WL  inch-lbs. 

Taking  the  weight  of  a  cubic  inch  of  water  as  0*036  lb.,  then 
a  cubio  inch  of  oak  will  weigh  0*934  x  0036  =  0*0336  lb. 

i/>  =  0-0336  x  15  x  10  =  504  lbs. 

And,     B.M.  =  4  x  5  04  x  (10  x  12)*  +  \  x  5,000  x  (10  x  12) 

„     =  9,072  +  1 50,000  =  159,072  inch-lbs. 

Here,  I  =^  x  10  x  158  =  \  x  5  x  5  x  15  x  15 

And,  y  =  kx  15  inches. 

f       B.M.  159,072  ,     ._ 

/  =  -i-y=slir5^vi5xi5xix15 

„  »  424*1  lbs.  per  sq.  inch. 

Example  HI. — A  round  steel  spindle  10  inches  long,  and  held 
at  one  end,  revolves  at  the  rate  of  150  revolutions  per  minute 
round  a  vertical  axis,  to  which  the  axis  of  the  spindle  is  parallel 
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and  from  which  it  is  2  feet  distant.  The  spindle  has  a  uniformly 
distributed  load,  the  whole  revolving  weight  being  30  lbs. 
What  should  be  the  diameter  of  the  spindle  when  the  safe 
working  stress  of  the  material  in  tension  or  compression  is  taken 
at  25,000  lbs.  per  square  inch  ?     (S.  &  A.  Hons.  Exam.,  1891.) 

Answer. — The  spindle  in  this  problem  may  be  likened  to  a 
beam  fixed  at  one  end  and  carrying  a  uniformly  distributed  load. 
The  load  being  not  the  revolving  weight  of  30  lbs.,  but  the 
centrifugal  force  of  that  weight  due  to  its  being  whirled  round 
at  the  rate  of  150  revolutions  per  minute. 

-T  ,     .        -     .    „          150  x   2i  x   2        ,rt      -. 
velocity  of  spindle,  = ^ —  10  «r  ft.  per  sec. 

n     .  ..      -  ,              30  x  (10  x  *)t        1500  x  «* 
Centrifugal  force,  = 3£—  -^ = ^ lbs. 

This  force,  multiplied  by  half  the  length  of  the  spindle,  gives 
us  the  bending  moment  at  the  fixed  end  of  the  spindle  : — 

That  is,  B.M.  = «« *  —o~  inch-lbs. 

If  D  be  the  diameter  of  the  spindle  in  inches,  then  from  Lecture 
XXII.  we  get : — 

The  Moment  of  Inertia,  I  =  -gj-  D4 

I         *• 
And  the  Modulus  of  Section,  Z  =  -jy-  =  -gyD1. 

T 

Now,  fZ  =  B.M.  ;  and,  /  =  25,000  lbs.  per  sq.  inch. 

««™„        *  tx.        1500**        10 

Or,  D8  =  0-3  x  «-  =  0-94248 

Hence,  D  =  4/0*94248  =  0-98  inch. 

Example  IV. — The  section  of  a  cast-iron  girder,  and  the 
maximum  safe  tensile  and  compressive  stresses  being  given, 
explain  how  to  determine  its  moment  of  resistance  to  bending. 
The  dimensions  of  the   section   of  a  cast-iron   girder  are   the 
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following: — Top  flange,  4  by  1$  inches;  bottom  flange,  12  by 

If  inches;  web,  16  by  1£  inches.     Determine  the  moment  of 

resistance,   the  greatest  permissible    tensile   and   compressive 

stresses    being    2£    and  7£  tons    per 

square  inch  respectively.    If  the  girder  k   -  #"--* 

be  20  feet  long,   and  is   supported  at 

its  two  ends,  find  the  greatest  safe  load 

which    it    will  carry  when   uniformly 

distributed  along  its  length.     (S.  and 

A.  Hons.  Exam.,  1895.) 

Answer. — As  this  is  an  excellent 
example  for  showing  the  student  how 
the  KM.  of  a  girder  section  is  cal- 
culated, we  shall  go  into  the  matter 
in  detail.  Let  the  accompanying 
figure  represent  the  cross-section  in 
question. 

We  have  first  to  find  the  position 
of  the  neutral  axis  N  A,  by  writing 
down  the  sectional  areas  of  the 
parts      composing     the      figure,     and 

taking     moments     about     the     lower     <..._..-  12" i 

edge.  ' 

Section  of  Girder. 

Area  of  top        flange  =    4x  1J=    6  sq.  in. 
„       bottom     „       =  12  x  1  j  =  21      „ 
„        web  ■»  16  x  1J  =  24     „ 


• 
1 
1 
1 

1 

1 
1 

I 

i 
• 

•*•'* 

i 

Neutral 

iAxis. 

i 

x 

J 

i 
i 

L(7k' 

.V    : 

* x 

Total  area  of  section 


51 


Then,  since  N  A  passes  through  the  centre  of  area  of  the 
section,  we  have : — 

51  x  Xi  -  6  x  18£  +  24  x  9f  +  21  x  £  =  363f 
_  363f  _ 


And 


a*-  19*  -7J  =12*. 


We  calculate  the  value  of  1,  the  moment  of  inertia  of  the 
section  about  the  neutral  axis,  by  finding  that  for  each  of  the 
parts  into  which  the  section  is  divided  and  taking  their  sum. 
As  the  neutral  axis  does  not  pass  through  the  centre  of  any  of 
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those  parts,  we  shall  have  to  employ  Proposition  I.  of  Lecture 
XXII.,  to  which  we  again  refer  the  student. 

.Remembering  that  the  moment  of  inertia  of  a  rectangular 
area  about  an  axis  through  its  centre  of  gravity  is : — 

■^  (breadth)  x  (depth)8,  we  have : — 
For  top  flange,  It         -  Tx¥  x  4  x  (1£)»  +  6  x  (11|)2. 

-  1-125  +  776-343  =  777-4(58. 

For  bottom  flange,  I6  =  TV  x  12  x  (1|)»+  21  x  (6J)*. 

„  „        „  =  5-359 +  820-312-825-671. 

For  web,  U  -  A  *  H  x  (16)8+  24  x  (2*)2- 

„  „  =  5120  + 165-375  =  677375. 

.-.  For  whole  section,  I  =  777-468  +  825-671  +  677-375  =  2280-5.* 

To  illustrate  what  we  said  about  the  moduli  of  unsym metrical 
sections,  we  shall  find  both  moduli  for  this  example : — 

For  tension,  Zt  -  ~=  —^  =  320-0. 

_        I      2280-5     ,oa^ 
For  compression,  Z„  =  —  =  tttt  >«"  188-0. 
x2      12125 

The  question  gives  as  the  greatest  permissible  values  for : — 

Tensile  stress,  ft  =  2-5  tons  per  sqr.  inch. 

Compressive  stress,^  =  7*5         „  „ 

Since,  R.M.  =  Z/maa^  we  must  take  the  lower  of  the  two 
values  of  R.M.  in  fixing  the  load  to  be  carried  by  the  girder. 
These  are : — 

Zt  x  ft  =  320  x  2-5  =  800  inch-tons. 

And,  Zc  x  fe  =  188  x  7-5  =  1410  inch-tons. 

B.M.  =  R.M.  =  800  inch-tons. 

*  Another  and  rather  shorter  method  of  finding  I  for  this  form  of  section 
is  to  (1)  produce  the  sides  of  top  and  bottom  flanges  to  meet  the  neutral 
axis  N  A,  (2)  calculate  the  moments  of  inertia  of  the  two  full  rectangles 
thus  formed,  (3)  subtract  from  their  sum  the  moments  of  inertia  of  the  four 
rectangular  areas  which  are  in  excess  of  the  section  of  the  beam.  All  these 
moments  may  be  found  by  the  formula  I  =  ft  B  x  D3,  which  will  only 
require  to  be  used  four  times  as  the  blank  rectangles  on  each  side  of  the 
web  are  equal  in  pairs. 
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The  girder  will,  therefore,  safely  carry  a  uniformly  distributed 
load,  given  by  the  equation : — 

i  w  If  =  800. 

w--L-anr?s -"»*-* 

This  will  make  the  maximum  compressive  stress 

800       4>2gg  ^ 
J  a  max.       |yg        -■  «w  ■*«.■, 

instead  of  7-5  as  given;  showing  that  the  girder  is  not  well 
designed. 

In  a  properly  proportioned  section  we  should  have  : — 

Zt  x  ft  -  Zc  x  /, 

Thin  Wrought-Iron  Girders. — In  the  case  of  wrought-iron 
girders  where  the  flanges  are  thin  compared  with  their  distance 
apart,  and  where  the  bending  resistance  of  the  web  is  disre- 
garded as  a  provision  against  the  shearing  force  acting  at  the 
section,  the  formulas  for  the  moment  of  resistance  are  very  simple. 

Let  A(  =  Area  of  flange  in  tension. 
„     Ae  -  Area  of  flange  in  compression. 
„     H  =  Distance  between  centres  of  flanges. 
„     ft  —  Mean  stress  in  tension  flange. 
„     fe  =  Mean  stress  in  compression  flange. 

Distance  between  centre  of  tension  flange  and  the  neutral 
axis  is : — 


»-(a^X,)H' 


and  the  distance  between  centre  of  compression  flange  and  the 
neutral  axis  is : — 

The  moment  of  inertia  of  the  flanges,  with  respect  to  the 
neutral  axis,  is : — 


(srM-W^)'* 
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Or,       I  =  {At  x  AJ  +  Ac  x  AJ}   x   (A<  f  AJ* 
Since,  /=-j-y. 

•*•   7« =  rr"z  i   t^t"71"  "v y  (at+'a;)  h 

{A,  x  AJ  +  A.  x  A?}  (-j^rj^) 
Hence, 


Similarly, 


M 
^«  =  At  x  H 

, ?L_ 

7«        A«  x  H 


(VII) 


Example  V. — A  wrought-iron  riveted  girder  of  I  section  has 
a  top  flange  of  9  square  inches  in  sectional  area,  and  a  bottom 
fl  inge  of  8  square  inches.  The  distance  between  the  centres 
of  gravity  of  the  flanges  is  12  inches,  and  the  ends  of  the 
beam  rest  on  abutments,  1G  feet  apart.  The  girder  being  loaded 
uniformly  with  a  load  equal  to  1  ton  per  lineal  foot  (including 
the  weight  of  the  beam).  What  would  be  the  mean  stress  per 
square  inch  on  the  metal  in  each  flange  at  the  dangerous  section? 
The  resistance  of  the  web  to  bending  is  neglected.  (S.  <fc  A. 
Hons.  Exam.,  1892.) 

Answer. — By  " dangerous  section"  is  here  meant  the  middle 
section  of  the  girder,  where  the  maximum  bending  moment 
occurs.     (See  equation  (XIrt)  of  Lecture  XXXI.) 

Max.  B.M.  =-g~(l^)   x  (16  x   12)2  =  32  *   12  ^eh-tons. 
Hence,  moan  stress  in  tension  flange, 

32  x   12 
ft  =  -^ yjT  =  4  tons  Per  B(lnare  i11011* 

And,  mean  stress  in  compression  flange, 

32  x  12 
fc  =  _..__-  h>  3-55  tons  per  square  inch. 

Curvature  and  Deflection  of  Beams.— When  we  speak  of  the 
curvature  or  the  deflection  of  a  beam  we  mran  that  of  its 
neutral  surface. 
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If  the  beam  is  fixed  at  one  end,  we  take  the  origin  of  co- 
ordinates at  that  end ;  but  if  supported  or  fixed  symmetrically 
at  both  ends,  we  take  it  at  the  middle. 

Let  the  co-ordinates  of  the  neutral  surface  curve  be  denoted, 

as  usual,  by  x  and  y>  then  the  deflection  of  the  beam  at  any 

distance  x,   from   the  origin  will  be  measured  by  y  and  the 

d  y 
tangent  of  its  inclination  to  the  horizon  by  -r2. 

The  equation  of  the  curve  into  which  the  beam  is  bent  will 
be:— 

Where   p(x)  is  a  function  of  a;  to  be  determined   for  each 
particular  case. 

In  treatises  on  the  analytical  geometry  of  plane  curves  it  is 
shown  that  the  general  expression  for  radius  of  curvature  is : — 

dv\2)  * 


,  nm 


d*y 
da? 

Although  of  great  importance,  in  the  theory  of  beams   ,  -  is 

always  such  a  small  fraction,  that  its  square  becomes  a  perfectly 
negligible  quantity  in  comparison  with  unity.  We  may,  there- 
fore, safely  disregard  the  value  of  (^r  )    in  the  above  formula, 

and  write  ,  «  =  —  . 
ax*        p 

But  by  equation  (IV)  of  this  Lecture  we  know  that : — 
1         M  d*y  _   M 

7  " ET    •'•  d& "" EI (VIII> 

In  what  follows  we  shall  assume  that  the  beam  or  girder  is  of 
uniform  section  so  that  I  is  constant,  the  more  general  cases 
where  I  varies  being  rather  beyond  the  scope  of  this  treatise. 

We  shall  begin  by  working  out  the  following  example,  which 
will  form  a  good  introduction  to  this  rather  mathematical  part 
of  our  subject. 

Example  VI. — Investigate  a  formula  for  calculating  the  amount 
of  deflection  of  a  beam  supported  at  its  ends  and  loaded  uni- 
formly. Find  the  deflection  in  a  beam  of  timber  of  uniform 
rectangular  section,  6  inches  wide  and  1 2  inches  deep,  the  beam 
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being  supported  at  its  ends  in  a  horizontal  position  on  two  walls 
12  feet  apart.  Thore  is  to  be  taken  into  account  a  single  con- 
centrated load  of  4,000  lbs.  at  the  centre,  and  a  uniformly  dis- 
tributed load  of  2,500  lbs.,  the  modulus  of  elasticity  being 
1,750,000  lbs.  per  square  inch.     (S.  <fe  A.  Hons.  Exam.,  1891.) 

Answer. — Taking  the  middle  of  the  beam  as  the  origin  of 
co-ordinates,  we  have  already  proved  (see  equation  (XI)  in  Lecture 
XXXI.)  that  the  bending  moment  at  x  inches  from  this  point,  in 
the  case  of  a  beam  L  inches  between  supports,  aud  loaded 
uniformly  with  w  lbs.  per  inch-run,  is  : — 

B.M.  =  \  w  (i  L2  ~  x*)  inch-lbs. 

Substituting  this  in  formula  (VIII)  we  get : — 

8-i»i«w-'> 

Now,  multiplying  both  sides  by  </«,  and  integrating,  we 
have : — 

&-  «!/«■'-' >'- 

2-  nh  <*"-»"■ 

This  needs  no  correction  because  -, -  =  0,  when  x  =  0. 

ax 

Integrating  a  second  time,  we  get : — 


W 

y  - 


Or,  f-^tt*1*1-**4) (I*) 

This  also  requires  no  correction,  as  x  and  y  vanish  together. 
Now,  let  Aj  denote  the  deflection  of  the  beam  for  the  distri- 
buted load : — 

Ax  =  y,  when  x  =  £  L. 

Or,  Ai-gSjttLXiLp-itfL)*}. 

^Sl***8 <X> 

In  the  case  of  a  beam  carrying  a  single  load  of  W  lbs.  at  its 
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middle  point,  the  bending  moment  due  to  that  load  at  x  inches 
from  the  middle  point  (Equation  (VII)  Lecture  XXXI.)  is  :— 

JB.M.  «-  i  W  (J  L  -  as)  inch-lbs. 

5P-2El(iJj    X)- 
The  first  integration  of  this  equation  gives  :— 

dy        W     „  T  ,    .,         W    /T  ~ 

And  the  second  integration  : — 

y^i^hx2-ixS) <XI) 

If  A2  be  the  total  deflection  in  this  case,  then  Ag  is  the  value 
of  y  when  x  =  £L. 

A*  =  nnttL(*L)i-*(*L>'>- 

Or,  A,-  finches. (XII) 

If  the  beam  carry  both  loads  at  the  same  time,  as  given  in 
the  question,  then  the  total  deflection  due  to  the  two  loada 

will  be : — 

A  =  Ax  +  Ar 

5wL«        WL« 
A  =  38TEI  +  WTT 

0r'  A  =  ijri(*wL  +  ^ 

The  numerical  data  given  are : — 
L  «=  12  x  12  inches. 
I  »  ^  bd*  -  ^  x  6  x  12*  =  6  x  12*. 
W  =  4,000  lbs. 
w  L  =  2,500. 
And,        E  =  1,750,000. 

A  =  0-2288  inches. 

23 
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Uniform  Beam  on  Three  Supports.— Suppose  we  are  given  a 
uniform  beam  resting  on  three  supports  all  on  the  same  level, 
to  find  the  pressure  on  the  middle  support. 

It  is  clear  that  if  the  middle  support  were  taken  away,  the 
weight  of  the  beam  would  cause  it  to  bend  down  at  the  middle 
[as  found  above  by  equation  (X)  J  through  a  distance 

A*  =  384EI incheS' 

We  have  also  seen  by  equation  (XII)  that  a  single  concentrated 
load  of  W  lbs.  applied  at  the  middle  of  the  beam  would  produce 

an  amount  of  deflection,  A^  =     -  „  ^  inches. 

This  gives  us  the  upward  deflection  caused  by  the  reaction  of 
the  central  support  if  we  put  its  value,  P,  instead  of  W  in  the 
equation. 

The  total  deflection  will  be  zero  if  all  three  supports  are  on 
the  same  level. 

PL*         5wU 

inen'  48  EI  "  384  EI' 

Or,  P  =  &  w  L. 

The  pressure  on  the  middle  support  is  thus  seen  to  be  §  of  the 
weight  of  the  beam ;  whilst  the  end  supports  each  carry  T\  of 
the  weight. 

Uniform  Beam  Fixed  at  one  End  and  Supported  at  the  other. — 
If  w  be  the  weight  of  the  beam  in  lbs.  per  inch-run  and  L  its 
length  in  inches,  then,  we  already  know  that  at  x  inches  from 
the  fixed  end,  the 

B.M.  =Jw(L  -  <e)*  inch-lbs. 
Putting  this  value  of  the  B.M.  in  equation  (VIII),  we  get: — 

S-«r£i<L-*>2  =  2^i(L*-2L*  +  ^ 

And,       y  =  ~y|{L*a;  -  Lx4  +  Ja^jrfas 
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This  last  equation  gives  the  droop  of  the  beam  at  any  distance 
a?,  from  the  fixed  end.  At  the  free  end  let  A1  be  the  value  of  y 
when  x  =»  L. 

Then,  At-  finches (XIV) 

Let  P  be  the  upward  pressure  in  lbs.,  between  the  beam  and 
a  support  placed  under  its  free  end.  The  bending  moment,  due 
to  P,  at  x  inches  from  the  fixed  end  is  P(L  -  x)  inch-lbs. 
Hence,  the  curvature  produced  by  P  will  be : — 

...    g-jf^(L—)rf«-^(L«-|<y. 

And,  y  =  jf  ,/(L*  "£**)<**  -  ill  Q**-h*)-  •     (XV> 

When  x  =  L,  let  y  -  A2. 

PL8 
a2  =  g-g-j  inches (xyI) 

If  Ag  Av  the  supported  end  will  be  raised  to  the  same 
level  as  the  fixed  end. 

inen>  3EI  ""  8  EI' 

Or,  P  =  |tt>Llbs. 

This  result  shows  that  the  pressure  on  the  prop  is  equal  to  f- 
of  the  weight  of  the  beam. 

It  will  be  instructive  for  the  student  to  observe  that  this 
result  might  easily  have  been  inferred  from  the  previous  case  of 
a  beam  resting  on  three  props. 

In  that  case  the  part  of  the  beam  immediately  over  the  middle 
support  is  in  exactly  the  same  condition  as  the  fixed  end  of  the 
beam  in  this  case ;  so  that  whatever  is  true  of  each  half  of  the 
beam  in  the  former  case  will  here  hold  good  for  the  whole  beam. 
The  pressure  on  the  end  supports  is,  therefore,  identical  in  mag- 
nitude in  each  case ;  because  T\  of  the  weight  of  the  whole  beam 
is  the  same  thing  as  |  of  the  weight  of  each  half. 

Beam  Fixed  at  Both  Ends  and  Loaded  at  the  Centre. — When  a 
beam  is  fixed,  or  built  horizontally  into  a  wall  at  both  ends,  the 
fixing  causes  a  bending  moment  which  is  constant  all  over  the 
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beam.  For  the  reaction  of  the  left  support  in  keeping  the  beam 
horizontal  is  equivalent  to  a  force  P,  acting  downwards  at  some 
distance  I,  to  the  left  of  that  support,  and  an  upward  force  P, 
at  the  support.     The  bending  moment  at  the  support  is  then  : — 

M,  =  P  x  I 

And,  at  any  other  point,  E,  of  the  beam,  at  a  distance,  z  (less 
than  half  the  span  from  the  support),  the  B.M.  caused  by  this 
reaction  at  the  support  is  : — 

B.M.  =  F(z  +  I)  -  Ps  =»  PZ  =  Mf. 

Consequently,  the  fixing  at  the  ends  causes  a  constant  B.M. 
all  over  the  beam,  equal  to  that  at  the  supports,  in  addition  to 
that  caused  by  the  load  (but  in  the  ojjporite  direction). 


=r? ■  r  - 


'  -  -  ac  -  ~> 


tw 


k--  *  4m t 

Beam  Fixed  at  Ends  and  Loaded  at  Centre. 


Taking  our  origin  of  co-ordinates  at  C,  the  centre,  and  the 
undeflected  axis,  or  neutral  line  of  the  beam,  as  our  axis  of  x, 
we  have,  at  a  section  D,  distant  x  from  C  : — 

B.M.  =  R2(£L  -  x)  -  Mf  =|W(JL  -  x)  -  M, 

Hence,  from  eqn.  )  cPy         1     ,  ._  /1T  .        __.    - 

(VIII),        }  j^  =  et(  iw  (iL  -  *)  -  M,  } 
-5£-ET<*w<L*- **>-*•*} 

The  beam  is  horizontal  at  the  centre  and  at  the  ends,  therefore 

j--  is  zero  when  x  is  zero,  and  when  x  =  iL. 

ax  z 


Or, 


0  =  ET{iWaL*-JL*)-lM.L} 

M,  =  |WL. 


BEAM    FIXED    AT    BOTH    ENDS. 
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Inserting  this  value  in  the  above  equation  for  the  6.M.  we 
get:— 

B.M.  =  |W(1L  -«)  -  JWL 

Or,  B.M.  -  £W  (JL  -  jf )      ....     (XVII) 

At  the  centre,        B.M.  =  £W  .  |L  -  £W  L  =  M, 

Maximum  B.M.  =  M,  =  £W  L (XVIII) 


B.M.  Diagram  for  Beam  Fixed  at  Ends  and  Loaded  at  Centre. 

We  thus  see  that,  in  this  case  the  fixing  of  the  ends  reduces 
the  maximum  B.M.  to  half  what  it  would  be  with  free  ends,  and 
that  this  maximum  B.M.  occurs  both  at  the  centre  and  the 
ends. 

The  B.M.  diagram  is  similar  to  what  we  had  for  a  beam 
simply  Hupported,  but  the  base  line  is  shifted  half  way  down  the 
diagram,  so  that  it  is  crossed  at  F  and  G  by  the  lines  representing 
the  B.M.  It  will  be  seen  from  equation  (XVII)  that  the  B.M. 
is  zero  where  x  —  \h^  and  that  it  is  positive  on  one  side  of  this 
point,  and  negative  on  the  other.  This  is  one  of  the  points 
where  the  B.M.  curve  cuts  the  base  line,  and  it  is  called  a  point 
of  inflection,  because  the  beam  is  straight  just  at  that  point  and 
the  curvature  changes  sign.  There  is,  of  course,  another  point 
of  inflection  at  the  distance  £  L  on  the  other  side  of  the  centre. 

In  large  girder  bridges  that  part  of  the  span  between  the  two 
points  of  inflection  is  made  separate  from  the  remainder  and 
rests  on  rollers  at  these  points.  This  allows  freedom  of  expan- 
sion without  reducing  the  strength  of  the  bridge. 

Integrating  the  value  of  -^-  we  get : — 

ax 

V  =  Eli  (i  W  (i  La*  -  £*»)  -  TV  WL4 
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Therefore,  at  the  ends,  where  x  =  £  L : — 

v-    1  hwfLS-LV  iwLS?  -  WL' 

y~ETrWi"8       U)      ttWT[       T92ET 
Hence,  the  difference  of  level  between  the  centre  and  the  ends 

WL"  (XIX) 


A  = 


192  £  I 


This  is  only  one-fourth  of  the  deflection  when  the  beam 
simply  rested  on  its  supports  (Equation  XII),  so  that  the  beam 
is  now  four  times  as  stiff. 

Beam  Fixed  at  Both  Ends  and  Loaded  Uniformly. — Taking 
axes  as  before,  the  B.M.  at  any  section,  D,  is : — 

B.M.  =  R,(JL-«)-Jw(|L-*)«-Mfc 
Or,   B.M.  =  i  wL  (i  L  -  x)  -  \w  {{  L«  -  Lx  +  a2)  -  Mfc 


iy////mwy^W/^//^W/^^^ 


__ 


Beam  Fixed  at  both  ends  and  Loaded  Uniformly. 


d  1/ 
In  this  case  also,  ~  is  zero  when  x  is  zero,  and  when  x-iL 
dx  s 


0-i«L»(*  -  A)-*M,L. 


Or, 


wL*      WL 
M*  =-12"  =~T2- 


Hence,      B.M.  =  J  w  (J  L*  -  a?)  -  TV  to  L*. 
Or,  B.M.  -  £  «;  (TV  L*  -  jr2).      .    .     . 

At  the  centre,  whero  x  =  0,  the  B.M.  is: — 
v L*      WL       .  , . 
M«=-2T=-24-  =  *M* 


(XX) 


uniform  beam  fixed  at  ends. 
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This  is  only  half  of  that  at  the  support.     Hence,  the  greatest 
bending  moment  occurs  at  the  support,  and  its  value  is : — 

Maximum  B.M. 

"J 


AwW-AWt 


(XXI) 


B.M. 


Awl* 

Diagram  fob  Beam  Fixed  at  both  Ends  and 
Loaded  Uniformly. 


The  points  of  inflection  occur  where  iB2  =  ^L2ora;=±^- 

2 


d  1/ 
By  integrating  the  above  value  of  ~ :- 


js 


*-m{*< 


>(ju*-*««) 


■*«i^} 


w 


'48EI 


(L*s*-2**). 


Putting  x  =  ~  we  obtain  the  amount  by  which  the  centre  of 
2 


the  beam  is  deflected  by  the  load,  viz. : — 


A  = 


w 
48  EI 


U   "   8/  "  384EI 


WL» 

384EI 


(XXII) 


We  thus  see  that,  by  fixing  the  ends  horizontally  for  this 
manner  of  loading,  the  strength  of  the  beam  is  increased  in  the 
ratio  3  :  2,  and  its  stiffness  in  the  ratio  5:1. 

When  the  span  of  the  beam  is  small,  it  may  be  designed 
wholly  from  considerations  of  strength ;  but  when  the  span  is 
great  a  beam  may  be  strong  enough,  and  yet  not  suitable, 
because  it  yields  too  much  when  the  load  is  put  on  it.  It  then 
becomes  necessary  to  take  the  stiffness  into  account  by  using 
one  of  the  formulae  we  have  found  for  the  deflection.  The 
greatest  deflection  usually  allowed  in  beams  is  1  inch  in  100 
feet,  or  y^nr  of  the  span. 

In  the  tables  below  we  give  a  summary  of  these  results, 
showing  the  relation  between  them. 
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The  quantities  in  the  sixth  column  are  obtained  by  substitut- 
ing the  value  of  the  maximum  B.M.  given  by  the  third  column 
in  the  fifth,  and  for  those  in  the  seventh  we  have  put  the  value 

of  M  (viz.,  - — )  found  in  equation  (V). 

We  also  print  for  reference*  a  table  of  the  strengths  of 
materials  and  of  the  moduli  of  different  sections. 

*  From  Seaton  &  Rounthwaite's  Pocket  Booh  of  Marine  Engineering 
Rules  and  Tables,  which  may  be  consulted  for  other  cases  of  beams;  or 
Unwin's  Machine  Design,  Part  I. 

Note. — Students  who  are  specially  interested  in  this  subject,  should 
procure  a  copy  of  the  "  British  Standard  Sections,"  issued  by  The 
Engineering  Standards  Committee,  consisting  of  The  Institution  of  Civil 
Engineers,  Mechanical  Engineers,  &a  It  comprises  the  following  lists 
of  Standard  Sections  : — 


List  1.  Equal  Angles. 
,,    2.  Unequal  Angles. 
,,    3.  Bulb  Angles. 
„    4.  Bulb  Tees. 


List5.  Bulb  Plates. 
„    6.  Zed  Bars. 
,,    7.  Channels. 
8.  Beams. 


List  9.  Tee  Bars. 

Printed  and  published  by  William  Clowes  &  Sons,  Ltd.,  Charing  Cross, 
London,  S.W.,  in  February,  1903. 

These  sections  are  now  universally  approved  of,  and  it  is  impossible, 
even  if  I  got  liberty,  to  include  the  whole  Report  and  figures  in  this 
Volume. 


The  following  books  on  "  Theory  of  Structures "  and  on  the 
'Strength  and  Elasticity  of  Materials"  may  be  consulted  with 
advantage  when  solving  the  questions  to  be  found  in  Parts  IV. 
and  V.,  as  well  as  Appendix  D.  of  this  volume : — 

Experimental  Engineering,  by  Roilo  C.  Carpenter,  C.E.  (Chapman  & 
Hall,  London,  1895.) 

Theory  of  Structures  and  Strength  of  Materials,  by  Henry  T.  Bovcy, 
M  A.,  D.C.L.     (John  Wiley  &  Sons,  New  York.) 

"  The  Practical  Strength  of  Beams."  Paper  by  B.  Baker.  (Proc.  Inst. 
C.  E.,yo\.  lxil.p.  251.) 

Mechanical  Engineering  Materials,  by  E.  C.  R.  Marks.  (Technical  Pub- 
lishing Co.,  Manchester.) 

Strength  and  Properties  of  Materials,  by  W.  G.  Kirkcaldy,  London. 

Strength  and  Determination  of  the  Dimensions  of  Structures  of  Iron  and 
Steel,  by  J.  J.  Weyrauch,  translated  by  A.  J.  Du  Bois.    (New  York,  1891.) 

Strength  of  Materials  and  Structures,  by  Sir  J.  Anderson.  (Longmans, 
Green  &  Co.,  1892.) 

Civil  Engineering  and  Applied  Mechanics  (latest  Editions),  by  Prof. 
Rankine.     (Chas.  Griffin  &  Co.) 

Design  of  Structures,  by  S.  Anglin,  C.E.     (Chas.  Griffin  &  Co.) 

Bridge  Construction,  by  Prof.  Fidler,  M. Inst. C.E.     (Chas.  Griffin  &  Co.) 

Strength  of  Materials,  by  Prof.  Ewing,  F.R.S.,  Cambridge. 
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Strengths,  Ac,  of  Materials  (Summary). 


Ultimate 

Elastic 

Elongation 

Mntariftl 

Tensile  Strength. 

Strength. 

per  cent., 

uvwiuUi 

lbs.  per 

lbs.  per 

when  broken  by 

square  inch. 

square  inch. 

Tensile  Stress. 

Cast-iron  (ordinary  gooc 

)             18,000 

11,000 

„        (Admiralty), 

j  not  less  than  \ 
\        20,160       J 

... 

... 

Wrought-iron  bars  (or 

dinary  good),     . 

54,000 

29,000 

15°/om  8  ins. 

Yorkshire  plate — 

With  grain, 

64,000 

26,000 

20%       ,. 

Across   ,, 

49,000 

... 

14%        >, 

Staffordshire  plate — 

With  grain. 

50,000 

24,000 

12%        » 

Across   ,, 

41,000 

... 

8%        » 

Iron  forgings— 

Large,       . 
Small,       . 

45,000 

... 

9%       » 

50,000 

... 

13%       ,, 

Steel  castings  (ordinary 

r 

good), 

67,000 

35,000 

10%       ,, 
(  not  less  than 
13i-18i7. 

(       not  less       ) 

Steel  castings  ( Admiralt] 

f)           }^ 

... 

(        63,000       I 

f       in  2  ins. 

„           (Lloyd's), . 

/not  exceeding  1 
\        67,000       J 

... 

/  not  less  than 
(10%  in  8  ins. 

Steel  boiler  plate — 

(Ordinary  good), 

65,000 

36,000 

20%       „ 

(Admiralty)  internal 

/  not  exceeding  \ 
»    \        60,480       J" 

(  not  less 

20%       „ 

„          shell,     . 

60,480-67,200 

<     than 
(   31,360 

... 

(B.  of  T.)  internal,    . 

58,240-67,200 

... 

... 

,,        shell, 

60,480-71,680 

... 

18°/  in  10  ins. 
1  not  less  than 
\  20%  in  8  ins. 

Lloyd's,    . 

58,240-67,200 

... 

Steel  f  orgings  (Admiralty 

r)     62,720-78,400 

/  34,500  to 
(   43,120 

28%  to  24%) 
in  2  ins.       ) 

Sheet  copper, 

30,000 

5,600 

35  %  in  8  ins. 

Copper  wire  (annealed), 

40,000 

... 

... 

Gun  -  metal      (ordinary 

good). 

27,000 

6,500 

10%  in  2  ins. 

Gun-metal  (Admiralty), 

31,000 

... 

... 

Phosphor  bronze  (cast), 

35,000 

19,000 

12%  in  2  ins. 

Manganese  bronze   „     . 

55,000 

... 

10%       .. 

„             (rolled 

),            67,000 

20%       » 

Muntz  metal, 

50,000 

30,000 

30%        ., 

Naval  brass, . 

54,000 

24,000 

25  %  in  8  ins. 
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Licture  XX XII.— Questions. 

1.  A  wronght-iron  flanged  girder  is  required  to  support  a  travelling  load 
of  50  tons,  the  distance  between  the  supports  being  40  feet.  The  stress 
comes  upon  the  girder  at  two  points,  the  wheels  on  the  traveller  being 
10  feet  apart.  'What  section  of  girder  will  be  required  to  afford  the 
necessary  strength,  presuming  that  the  ultimate  strength  of  the  girder-  is 
six  times  that  of  the  greatest  stress  to  which  it  will  be  subjected  ? 

2.  Prove  the  law  which  governs  the  transverse  strength  of  a  beam  of 
timber  when  supported  at  both  ends  and  loaded  at  the  centre.  How  are 
the  constants  required  for  applying  this  law  arrived  at  ? 

3.  A  bar  of  wood,  7  feet  long  and  2  inches  square,  is  supported  at  both 
ends,  and  is  broken  by  a  weight  of  600  lbs.  suspended  at  the  centre. 
What  weight  in  pounds  will  a  rectangular  bar  of  the  same  material,  sup- 
ported and  loaded  in  like  manner,  sustain,  when  its  length  is  8  feet,  its 
breadth  2}  inches,  and  its  depth  4  inches  ?    Am.  2187*5  lbs. 

4.  A  rectangular  beam  of  fir,  of  uniform  section  throughout,  is  supported 
horizontally  on  two  walls  15  feet  *P*rt>  aQd  has  to  carry  a  load  of  1 4  tons 
at  5  feet  from  one  of  the  walls.  The  width  of  the  beam  is  5  inches ;  tind 
its  depth,  taking  the  breaking  load  at  four  times  the  safe  load.  How 
much  should  the  depth  of  the  beam  be  increased,  the  breadth  remaining 
constant,  if  the  load  were  shifted  from  its  original  position  to  the  centre 
of  the  beam,  the  breaking  weight  of  a  beam  of  fir  15  inches  long,  1  inch 
broad,  and  1  inch  deep,  supported  at  both  ends  and  loaded  in  the  middle, 
being  taken  at  360  lbs.  ?    An*.  8*9  inches ;  4  inch. 

5.  A  solid  rectangular  girder,  3  inches  deep  and  2  inches  broad,  is  sup- 

Sorted  at  both  ends  on  supports  5  feet  apart.     It  is  loaded  with  a  uniformly 
istributed  load,  including  its  own  weight,  of  10  cwts.  per  foot  run.     What 
is  the  maximum  intensity  of  stress  at  the  outer  fibres  ? 

6.  If  two  cast-iron  beams  •-  one  circular  in  section  and  2*73  inches  in 
diameter,  the  other  of  rectangular  section,  3  inches  broad  and  2  inches 
deep—be  each  supported  at  two  points  20  inches  apart,  and  loaded  at  the 
centre  with  a  load  of  2  tons ;  what  will  be  the  maximum  intensity  of  stress 
produced  in  each  case  ? 

7.  A  beam  of  fir  is  built  into  a  wall  at  one  end,  and  projects  6  feet  from 
the  wall.  The  width  of  the  beam  is  4  inches  ;  find  its  depth  to  bear  safely 
a  load  of  1,200  lbs.  uniformly  distributed  along  its  length.  Assume  that  a 
bar  of  fir  1  foot  long,  1  inch  broad,  and  1  inch  deep,  will  break  under  a 
load  of  125  lbs.  when  fixed  at  one  end  and  loaded  at  the  other  end,  and 
that  the  safe  load  is  4  the  breaking  load.     Ans.  6  inches. 

8.  What  must  be  the  breadth  in  inches  of  an  oak  cantilever  or  over- 
hanging beam,  6  feet  long  and  9  inches  deep,  in  order  to  carry  a  load  of  £ 
ton  at  its  extremity,  and  how  much  must  its  breadth  be  increased  in  order 
that  it  may  carry  an  additional  load  of  4  ton  uniformly  distributed  over  it* 
length  ?  The  actual  stress  is  not  to  exceed  J  of  the  breaking  stress,  and 
the  breaking  weight  of  an  oak  cantilever  6  inches  long,  1  inch  deep,  and  1 
inch  broad,  is  280  lbs.     Ana.  2  37  inches ;  1*18  inches. 

9.  A  beam  of  fir  supported  at  each  end  is  inclined  at  an  angle  of  60°  to 
the  horizon,  and  is  loaded  at  the  centre  of  its  length  with  a  weight  of  1 
ton.  The  length  of  the  beam  is  10  feet,  and  its  breadth  is  2  inches,  find 
the  depth  ;  the  breaking  load  ou  the  centre  of  a  beam  1  foot  long,  1  inch 


QUESTIONS.  367 

broad,  and  1  inch  deep,  and  supported  at  the  ends  in  a  horizontal  position, 
being  450  lbe.     Ana.  3*527  inches. 

10.  A  cast-iron  cantilever  or  overhanging  beam  of  T-seotion  is  6  feet  long, 
and  9  inches  deep,  the  top  flange  being  6  inches  wide.  The  beam  has  to 
carry,  with  safety,  at  its  end  a  load  of  1  ton,  together  with  a  distributed 
load  of  1  ton  over  its  length.  Find  the  thickness  of  the  top  flange,  the 
tensile  breaking  strength  of  oast-iron  being  8  tons  per  square  inch,  and  the 
admissible  load  for  a  safe  stress  being  one-fourth  the  breaking  load. 
Ans.  1  inch. 

11.  Find  the  greatest  load  that  may  be  uniformly  distributed  on  a  cast- 
iron  girder  having  top  and  bottom  flanges  united  by  a  web  of  the  following 
dimensions — width  of  upper  flange  3  inches,  of  lower  flange  9  inches,  total 
depth  12  inches,  thickness  of  each  flange  and  of  the  web  being  1  inch, 
distance  between  the  points  of  support  10  feet — when  the  greatest 
admissible  stress  in  the  compression  flange  is  3  tons  per  square  inch,  and 
that  m  the  tension  flange  is  1J  tons  per  square  inch.  Ans.  Maximum 
compressive  stress  =  2*5  tons  ;  8*8  tons. 

12.  Make  a  diagram  of  a  flanged  oast-iron  girder  to  carry  a  load  of  12 
tons  in  the  centre,  the  distance  between  the  points  of  support  being  20 
feet.  What  should  you  make  the  depth  of  the  beam,  and  what  should  be 
the  sectional  area  of  the  top  and  bottom  flanges  respectively  ? 

13.  A  rolled  steel  girder  has  a  mean  depth  of  10  inches,  the  top  and 
bottom  flanges  are  each  6  inches  wide,  and  the  metal  in  the  flanges  and  webs 
is  £  inch  in  thickness  throughout.  If  the  breaking  strength  of  the  material 
be  taken  as  40  tons  to  the  square  inch  of  section  for  both  tension  and 
compression,  then  (using  4  as  a  factor  for  safety)  what  would  be  the 
maximum  safe  load  uniformly  distributed  over  such  a  girder,  supposing  it 
to  be  supported  at  each  end,  the  supports  being  12  feet  apart  ?  Also  make 
a  diagram  showing  the  distribution  of  the  shearing  stress  in  the  middle 
transverse  section. 

14.  A  rectangular  beam  of  timber  is  supported  at  both  ends,  and  loaded 
by  a  weight  in  the  centre.  Make  the  necessary  calculations  for  measuring 
the  strength  of  the  beam  to  resist  breaking.  For  a  bar  of  larch  6  feet  long 
by  2  inches  square,  supported  as  above,  the  breaking  weight  is  515  lbs.  ; 
taking  this  datum,  you  are  required  to  solve  the  following  question : — A 
oistern  containing  2  tons  of  water  rests  on  two  cantilevers  of  larch,  each 
4  feet  long  and  5  inches  in  depth ;  find  the  breadth  of  each  cantilever. 
Ans.  1*85  inches. 

15.  A  cast-iron  beam  of  rectangular  section,  and  having  its  lowest  side 
horizontal,  is  supported  at  both  ends.  What  difference  should  you  make 
in  the  upper  outline  according  as  the  load  is  evenly  distributed  or  collected 
in  the  centre  ? 

16.  A  beam  will  safely  carry  a  stationary  load  of  5  tons  with  a  deflection 
of  2  inches,  from  what  height  may  a  weight  of  200  lbs.  be  let  drop  upon  the 
same  beam  without  deflecting  it  to  a  greater  extent?    Ana.  56  inches. 

17.  A  steady  load  of  10  tons,  suspended  at  the  centre  of  a  beam,  deflects 
it  through  §  inch.  From  what  height  would  a  weight  of  300  lbs.  require 
to  fall  in  order  to  produce  a  like  deflection  when  dropping  on  the  beam  ? 
Ana,  22*7  inches. 

18.  A  cylindrical  iron  beam  is  15  inches  in  its  external  diameter,  and  the 
metal  is  1J  inches  in  thickness.  The  beam  is  fixed  at  the  two  ends,  and  is 
35  feet  between  the  supports ;  find  the  greatest  load  uniformly  distributed 
that  the  beam  will  bear,  the  greatest  safe  stress  on  the  metal  being  9,000 
lbs.  per  square  inch. 

19.  Compare  the  resistance  to  bending  of  a  wrought-iron  I  section  beam 
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when  the  beam  is  placed  like  this  I,  and  like  this  *h .  The  flanges  of  the 
beam  are  each  6  inches  wide  and  1  inch  thick,  and  the  web  is  |  inch  thick 
and  measures  8  inches  between  the  flanges.     (Adv.  S.  &  A.  Exam.,  1897.) 

20.  A  horizontal  bar  of  round  iron,  1  inch  diameter,  6  feet  long,  hinged 
at  the  ends,  is  subjected  to  eoual  and  opposite  pushing  forces  of  1,000  lbs. 
at  its  ends,  and  a  load  of  10  lbs.  is  hung  at  the  middle  so  that  it  is  both  a 
beam  and  a  strut.  Find  the  greatest  stress  anywhere.  E  =  29  x  10*  lbs. 
per  square  inch.     (S.  ft  A.  Hons.  Exam.,  1897.) 

21.  Draw  the  bending  moment  diagrams,  and  state  the  maximum  bend- 
ing moments  for  the  six  standard  cases  of  loading  and  supporting  a  beam 
of  the  same  length,  same  load.  (1)  Fixed  at  one  end,  loaded  at  the  other. 
(2)  Fixed  at  one  end,  loaded  uniformly.  (3)  Supported  at  the  ends,  loaded 
in  the  middle.  (4)  Supported  at  the  ends,  loaded  uniformly.  (5)  Fixed 
at  the  ends,  loaded  in  the  middle.  (6)  Fixed  at  the  ends,  loaded  uniformly. 
(Adv.  S.  &  A.  Exam.,  1897.) 

22.  A  uniform  beam  is  fixed  at  its  ends,  which  are  20  ft.  apart.  A  load  of 
5  tons  in  the  middle  ;  loads  of  2  tons  each  at  5  ft.  from  the  ends.  Find  the 
diagram  of  bending  moment  and  prove  your  rale.  State  what  the  maximum 
bending  moment  is,  and  where  are  the  points  of  inflexion.  (Hons.  S.  k  A. 
Exam.,  1897.) 

23.  A  rectangular  beam,  loaded  in  the  middle,  supported  at  the  ends ; 
find  the  shear  stress  at  any  point  in  any  section.  Find  the  deflection  at 
the  middle,  and  distinguish  between  the  parts  due  to  ordinary  bending 
and  to  shear.    (S.  &  A.  Hons.  Exam.,  Part  IL,  1898.) 

24.  What  occurs  at  the  cross- section  of  a  horizontal  beam,  carrying 
vertical  loads?  Where  is  the  neutral  line?  What  is  the  value  of  the 
stress  at  any  place  ?  What  is  meant  by  bending  moment  t  Describe  any 
model  which  illustrates,  however  roughly,  what  occurs  at  a  section  of  the 
beam.     (S.  &  A.  Adv.  Exam..  1898.) 

25.  A  symmetrically  loaded  beam  of  uniform  section ;  given  the  diagram 
of  bending  moment  when  supported  at  the  ends,  what  is  the  easy  rule  for 
finding  the  diagram  when  the  beam  is  fixed  at  the  ends  ?  Prove  the  rule 
to  be  correct.     (B.  of  E.  H.,  Part  I.,  1900.) 

26.  A  beam  of  timber  2  feet  long,  3  inches  square,  supported  at  the 
ends  and  loaded  at  the  middle,  breaks  with  a  load  of  7,500  lbs.  What 
load  may  be  expected  to  break  a  beam  of  the  same  material,  fixed  at  one 
end  and  loaded  at  the  other,  length  10  feet,  breadth  5  inches,  depth 
9  inches.  If  the  specimen  beam  deflected  0*034  inch  for  a  load  of 
1,000  lbs.,  what  would  be  the  deflection  of  the  second  beam  for  a  load 
of  200  lbs.  ?    (B.  of  E.,  Adv.,  1901.) 

27.  Suppose  the  vertical  loads  and  supporting  forces  of  a  horizontal 
beam  to  be  known,  show  how  we  find  (1)  the  shearing  force  at  a  section, 
(2)  the  position  of  the  neutral  line,  (3)  the  compressive  stress  at  any  part 
of  the  section,  and  (4)  the  curvature  of  the  beam.     Proveyour  statements. 

(B.  of  E.  H!.,  Parti.,  1901.) 

28.  Suppose  the  vertical  loads  and  supporting  forces  of  a  horizontal 
beam  to  be  known,  show  how  we  find  (1)  the  position  of  the  neutral  line 
of  a  cross-section ;  (2)  the  compressive  stress  at  any  part  of  the  section. 
Prove  your  statements.     (B.  of  E.  Adv.,  1902.) 

29.  What  are  the  functions  of  the  top  and  bottom  booms  and  of  the 
diagonal  pieces  of  a  railway  girder  ?  Why  are  the  booms  usually  larger  in 
section  towards  the  middle  of  the  girder,  and  the  diagonal  pieces  larger 
towards  the  ends  of  the  girder  t    (B.  of  E.  Adv.,  1902.) 

30.  A  rolled  ioist  12  inches  deep,  with  flanges  4  inches  wide  and  1  inch 
thick,  and  a  web  i  an  inch  thick,  carries  on  a  14-foot  span  a  distributed 


QUESTIONS.  869 

load  of  1  ion  per  foot  run,  and  a  single  concentrated  load  in  the  centre  of 
2£  tons.  Determine: — (a)  The  maximum  bending  moment  and  shearing 
force;  (b)  the  maximum  tensile  and  compressive  stresses  per  square  inch 
at  the  centre  section ;  (c)  the  maximum  shearing  stress  per  square  inch  at 
a  section  close  to  the  supports.     (C.  &  G.,  1901,  H.,  Sec.  A.) 

31.  Obtain  a  formula  for  the  maximum  deflection  in  a  girder  of  uniform 
cross-section,  freely  supported  at  the  two  ends  and  loaded  with  a  uniformly 
distributed  load.  Apply  your  formula  to  find  how  muoh  a  oast-iron  bar  of 
rectangular  cross-section  (2  inches  deep  and  1  inch  thick)  would  deflect  in 
the  centre  of  a  3-foot  span  under  a  uniformly  distributed  load  sufficient  to 
produce  a  maximum  stress  per  square  inch  of  8  tons.  (E  =  12,600,000  lbs* 
per  square  inch.)    (C.  &  G.,  1901,  H.,  Sec.  A.) 

32.  Describe,  with  sketches,  any  hydraulic  lift  you  are  acquainted  with, 
explaining  carefully  any  arrangements  for  counterbalancing  the  deadweight 
of  cage  and  ram.     (C.  &  G.,  1901,  H.,  Sec  C.) 

33.  If  a  beam,  12  feet  long  and  5  inches  square  section,  be  just  strong 
enough  to  carry  1  ton  at  its  centre,  what  weight  may  be  placed  at  the 
centre  of  a  beam  of  the  same  material  20  feet  long,  6  inches  broad,  and  11 
inches  deep?    (C.  &  G.,  1902.  O.,  Sec.  B.) 

34.  State  precisely  the  assumptions  made  in  dealing  with  beams,  and 
obtain  an  expression  for  the  moment  of  resistance  of  a  beam  of  known 
cross-section  in  terms  of  the  dimensions  of  the  section  and  of  the  stress 
induced.  Explain  in  what  respects  the  assumptions  fail  to  hold  when  the 
stress  exceeds  the  elastic  limit.     (C.  &  G.,  1902,  H.,  Sec.  A.) 

3d.  A  cast-iron  test  bar  is  1  inch  wide  and  2  inches  deep,  and  is  tested  on 
3- feet  centres.  The  elastic  deflection  per  ton  load  at  the  centre  was  found 
to  be  '23  inch,  and  the  bar  broke  when  the  load  was  1 4  tons.  Calculate 
the  values  of  the  modulus  of  rupture  and  of  the  coefficient  of  elasticity, 
(C.  &G.,  1902,  H.,  Sec.  A.) 
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Lictubk  XXXIL—  A.M. Inst. C.E.  Exam.  Questions. 

1.  Assuming  the  relation  d^yjd^  =  M/EI,  find  the  slope  at  the  ends 
and  deflection  at  the  centre  of  a  beam  of  span  /  supported  at  the  ends 
and  loaded  with  W  at  the  centre.     (I.C.E.,  Oct..  1897. ) 

2.  Show  the  relations  between  the  curves  of  loads,  shearing  force,  and 
bending  moment  for  a  beam.  Illustrate  your  answer  by  descriptions  and 
sketches  of  the  forms  of  these  curves  in  the  case  of  a  beam  supported  at 
each  end,  and  carrying  a  distributed  load,  varying  in  intensity  at  a  uniform 
rate  from  zero  at  one  end  to  »  per  foot  at  the  other.     (I.C.E.,  Feb.,  1898.) 

3.  A  suspension  bridge  has  a  span  of  800  feet,  a  din  (or  sag)  of  cord  of  60 
feet,  and  carries  by  means  of  four  cables,  a  total  fixed  load  of  250  tons  uni- 
formly distributed  along  the  length  of  the  platform.  Assuming  the  hanging 
rods  to  be  very  numerous,  determine  the  tension  in  each  cable  at  the  lowest 
point  and  at  the  piers.  Assuming  the  cables  to  be  attached  to  saddles 
resting  upon  rollers  on  the  tops  of  the  piers  and  the  anchor  cables  to  make 
an  angle  of  45°  with  the  vertical,  determine  the  maximum  stress  in  the 
anchor  cables  and  the  total  pressure  on  each  of  the  piers. 

(I.C.E.,  Feb.,  1898.) 

4.  Prove  the  formulae  -y-  =  ~  and  -r-pj  -  - ,  with  respect  to  beams,  and 

explain  the  assumptions  on  which  they  are  based.     (I.C.E.,  Feb.,  1898  ) 

5.  Deduce  a  formula  for  the  maximum  bending  moment  in  a  beam  built 
into  a  wall  at  one  end,  supported  at  the  other,  and  carrying  a  uniformly 

distributed  load— assuming  that  when  unloaded 
the  beam  touches  but  does  not  rest  upon  the 
outer  support.  You  may  assume  any  formulae 
relating  to  cantilevers.  (I.C.E.,  Feb.,  1898.) 
6.  In  a  rolled  steel  beam  the  section  (sym- 
"*  metrical  about  the  neutral  axis)  is  such  that  the 
moment  of  inertia  works  out  at  72  inch-units.  The  beam  is  8  inches  deep, 
and  is  laid  across  an  opening  of  10  feet,  and  carries  a  distributed  load  of 
9  tons.  Find  the  maximum  fibre  stress — also  the  central  deflection,  taking 
E  at  13,000  tons.     (I.C.  E. ,  Oct. ,  1898. ) 

7.  Suppose  that,  in  the  cantilever  bridge  which  is  here  diagram matically 
sketched,  the  dead  weight  of  the  central  span  is  1  ton  per  foot,  and  of  the 
cantilevers  3  tons  per  foot ;  and  that  in  each  case  the  load  is  uniformly 
distributed.     If  the  rolling  load  is  taken  at  2  tons  per  foot,  what  disposi- 
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tion  of  that  rolling  load  would  produce  a  reverse  (sagging)  moment  in  the 
cantilever?  At  what  part  of  the  bridge  would  the  reverse  bending 
moment  take  place?  How  far  eould  it  extend?  What  would  be  its 
greatest  magnitude?    (ICE.,  Oct.,  1898.) 
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8.  As  between  two  girder-bridges  of  the  same  s-*an,  and  tested  under 
the  same  load,  what  would  you  expect  to  be  their  relative  deflections  at 
the  centre  of  the  span — (a)  When  the  two  bridges  are  designed  with  the 
same  sectional  area  of  flange,  but  with  difforent  depths?  (6)  When  the 
two  bridges  are  designed  with  different  depths  of  girder,  but  with  the 
same  workin;  stress  per  square  inch  of  flmge  sectioi?  (In  each  case 
assume  the  girders  to  have  parallel  flanges.)     (I.C.E.,  Oct.,  1898.) 

9.  A  beam  of  uniform  section  is  used  as  a  cantilever  fixed  at  one  end,  A, 
and  covered  with  a  uniform  load  over  the  free  length,  A  B.  Give  a  hand 
sketch  of  the  curve  of  deflection  ;  prove  that  the  curve  is  parabolic  of  the 
fourth  order,  and  find  the  intersection  of  the  two  tangents  drawn  to  the 
curve  at  A  and  B.     iI.C.E.,  Oct.,  1898.) 

10.  A  beam  of  uniform  section  is  supported  at  the  two  ends,  30  feet 
apart,  and  is  found  to  bend  6  inches  downwards  in  the  middle  under  its 
own  weight.  Determine  the  slope  of  the  beam  at  the  points  of  support. 
Find  also  what  the  slope  would  be  if  the  same  deflection  of  6  inches  were 
produced  by  the  imposition  of  a  central  load  instead  of  a  uniform  load. 

(I.C.E.,  Oct.,  1898.) 

11.  A  horizontal  beam  of  uniform  section,  whose  mome.it  of  inertia  is  T, 
and  whose  total  length  is  21,  is  supported  at  the  centre,  one  end  bei  g 
anchored  down  to  a  fixed  abutment.  Neglecting  the  weight  of  the  beam, 
suppose  it  to  be  loaded  at  the  other  end  with  a  single  weight,  W,  and 
write  an  expression  for  the  vertical  deflection  of  that  end  below  its  un- 
strained position.     (I.C.E.,  Oct..  1898.) 

12.  A  tee-bar,  6  inches  wide  by  3  inches  in  height  and  £  inch  thick,  is 
used  as  a  beam,  with  the  top  table  of  the  T  downwards.  Find  the  position 
of  the  neutral  axis,  and  the  moment  of  resistance  when  the  maximum 
compressive  stress  is  4  tons  per  square  inch.     (I.G.E.,  Feb.,  1899.) 

13.  The  chains  of  a  suspension  bridge,  of  360  feet  span,  have  a  dip  of  30 
feet,  and  lie  in  a  parabolic  curve.  Each  of  the  two  side  spans  has  a  width 
of  180  feet,  the  chains  forming  a  parabolic  arc  similar  to  one-half  of  the 
central  span.  Under  a  total  uniform  load  of  2  tons  per  lineal  foot  of 
roadway  calculate  the  vertical  and  horizontal  forces  acting  upon  piers  and 
abutments ;  also  the  tensile  stress  in  the  chain  at  the  centre  and  at  each 
end  of  the  main  span.     (I.C.E.,  Feb.,  1899.) 

14.  In  the  suspension  bridge  above  described,  suppose  the  saddles  to  be 
fixed  to  the  tops  of  the  towers,  or  that  the  roller-bearings  refuse  to  move, 
and  that  a  load  of  2  tons  per  foot  covers  the  central  span,  while  the  load 
on  each  side-span  is  1J  tons  per  foot.  Find  the  direction  and  the  magni- 
tude of  the  resultant  force  upon  the  top  of  each  tower,  and  show  how  you 
would  trace  the  line  of  pressure  down  the  tower.     (I.C.E.,  Feb.,  1899.) 

15.  The  cantilever  bridge,  whose  outline  is  sketched  below,  is  virtually 
hinged  at  B  and  at  F.     The  dead  load  is  2J  tons  per  foot  throughout  the 
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whole  length ;  the  live  load,  2  tons  per  foot.  Assume  the  live  load  to 
cover  all  the  spans,  and  find  the  bending  moments  at  the  pier  C  and  at  the 
centre  D  of  the  middle  span.     (I.C.E.,  Feb.,  1899.) 

16  In  the  structure  above  described,  assume  next  that  the  live  load 
extends  from  C  to  E,  and  lastl v  that  it  covers  the  two  spans  A  C  and  E  G ; 
and  for  each  of  these  cases  find  the  bending  moments  at  C  and  at  D. 

(I.C.E.,  Feb.,  1899.) 
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17.  Suppose  a  train  to  be  made  up  as  here  sketched,  a  six-coupled  tank- 
engine  of  42  tons  weight  being  followed  by  a  train  of  wagons  whose  axles 
are  at  uniform  distances  of  10  feet,  and  with  8  tons  on  each  axle.     In 
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traversing  a  girder  bridge  of  50  feet  span  suppose  the  trailing  axle  of  the 
engine  to  have  reached  the  centre  of  the  span ;  and  find  the  greatest 
bending  moment  at  any  point  in  the  girder  due  to  the  rolling  load  in  that 
position.     (I  C.E.,  Feb.,  1699.) 

18.  When  the  bridge  referred  to  in  the  previous  question  is  traversed 
by  the  train  therein  described,  find  the  greatest  shearing  force  that  takes 
effect  at  the  right  abutment  during  the  transit,  and  also  the  greatest 
shearing  force  at  the  centre  of  the  span.     (I.C.E.,  Feb.,  1899.) 

19.  An  iron  wire  hangs  across  an  opening  of  700  feet  between  the  towers 
of  a  suspension  bridge,  with  a  dip  of  50  feet.  The  length  of  the  wire  is 
therefore,  approximately,  709$  feet.  Calculate  the  elongation  of  the  wire 
under  the  stress  due  to  its  own  weight.  (Assume  the  same  modulus,  and 
take  the  mean  stress  as  being  very  nearly  the  arithmetical  mean  between 
the  stresses  at  the  centre  and  at  each  end.)    (I.C.E.,  Feb.,  lS9i>.) 

'20.  What  will  be  the  ratio  between  the  deflection  of  a  girder  of  uniform 
X  section,  and  one  of  uniform  strength,  both  girders  being  designed  for 
the  same  span,  with  the  same  uniform  depth,  and  with  the  same  maximum 
working  stress  per  square  inch  of  flange  section  under  a  given  central 
load?    (I.C.E.,  Feb.,  1899.) 

21.  What  will  be  the  relative  deflections  of  the  two  girders  above 
referred  to  if,  in  another  case,  they  are  both  designed  with  the  same 
maximum  working  stress  under  a  given  distributed  load? 

(I.C.K.,  Feb.,  1899.) 

22.  A  continuous  girder,  built  for  crossing  two  equal  spans,  has  a 
uniform  section  whose  moment  of  inertia  is  I,  while  its  uniform  weight 
per  foot  lineal  is  to.  The  girder  is  launched  across  the  spans  from  one 
end,  and  when  its  centre  comes  nearly  over  the  central  pier,  the  leading 
end  will  droop  downwards  under  its  unsupported  weight.  Write  the 
expression  for  the  extreme  deflection  of  the  leading  end,  the  length  of 
each  span  being  denoted  by  L.     (I.C.  E. ,  Feb. ,  1899. ) 

23.  Timber  beams  of  a  given  rectangular  section  are  employed  to  carry 
a  uniform  distributed  load  over  two  adjacent  spans  of  equal  width  with  a 
central  support  between  the  two  spans.  If  we  decide  to  make  the  beams 
continuous  over  the  two  spans,  what  advantage  shall  we  obtain  in  respect 
of  (a)  strength  and  (b)  rigidity,  as  compared  with  two  discontinuous  beams 
of  the  same  section  ?    (I.  C.  E. ,  Feb. ,  1 899. ) 

24.  If  the  beams  referred  to  in  the  last  question  are  made  continuous, 
how  much  of  the  total  load  will  be  borne  upon  the  central  support,  and 
how  much  at  the  extreme  ends  of  the  beams ?    (LC.E  ,  Feb.,  1899.) 

25.  Explain  the  term  "neutral  axis"  used  in  the  theory  of  the  bending 
of  a  beam,  and  find  its  position  for  a  beam  of  given  section  when  the  limit 
of  elasticity  is  not  overpassed.  For  example,  take  a  tube  of  rectangular 
section  20  feet  deep,  10  feet  wide,  thickness  of  top  side  £  inch,  of  bottom 
side  14  inch,  and  of  the  vertical  sides  A  inch  :  find  the  neutral  axis. 

(I.C.E.,  Oct.,  1899.) 

26.  A  beam  of  rectangular  section,  depth  8  inches,  breadth  3  inches, 
10  feet  long,  is  supported  horizontally  at  the  ends  and  loaded  with  a  weight 
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of  5  tons  distributed  uniformly.  Employing  the  usual  theory  of  transverse 
flexure :  find  the  maximum  stress  produced  at  any  point  of  a  transverse 
section  at  the  centre.     (I.  C.  E. ,  Oct. ,  1 899. ) 

27.  Distinguish  between  the  kinds  of  elasticity  called  into  play  when  a 
bar  is  (a)  stretched,  (b)  twisted,  and  (c)  bent,  r  ind  the  deflection  of  the 
beam  of  the  last  question  assuming  a  modulus  of  J  2,000  in  ton-inch  units. 

(I.C.E.,  Oct.,  1899.) 

28.  A  horizontal  beam  of  uniform  section  originally  straight  rests  on  im- 
movable supports  to  which  it  is  rigidly  fixed,  so  that  its  ends  remain 
horizontally  when  the  beam  is  loaded.  Find  the  shearing  force  and 
bending  moment  at  any  point  due  to  a  uniformly  distributed  load,  and 
state  in  u  hat  ratio  (a)  the  strength  (b)  the  stiffness  is  increased  by  fixing 
the  ends.     (I.  C.  E. ,  Oct ,  1 899. ) 

29.  Explain  what  are  meant  by  the  "booms"  and  " web "  of  a  girder, 
and  state  the  part  played  by  each  in  supporting  the  load  which  it  carries. 
If  the  booms  be  parallel  and  the  web  consist  of  a  single  triangulation  of 
verticals  combined  with  diagonals  inclined  at  45°,  show  how  the  diagonals 
must  be  arranged  so  as  to  be  all  in  tension  and  find  the  stress  on  each, 
when  the  girder  is  loaded  with  2  tons  at  each  of  the  lower  joints.  Span 
=  1 20  feet.    Number  of  divisions  8.     (T.  C.  E. ,  Feb. ,  1 900. ) 

30.  In  the  last  question  find  the  maximum  stress,  both  tensile  and  com 

{)rtBsive,  on  each  diagonal  during  the  passage  of  an  additional  travelling 
oad  of  5  tons.     (I.  C.  E. ,  Feb. ,  1900. ) 

31.  Assuming  that  the  deflection  of  a  beam  should  not  exceed  a  certain 
given  fraction  of  the  span,  show  that  the  least  permissible  ratio  of  depth 
to  span  can  be  found.  What  other  considerations  determine  the  ratio  of 
depth  to  span  in  practice?    (I.C.E.,  Feb.,  1900.) 

32.  Show  that  the  moment  of  resistance  to  bending  in  beams  of  a  given 
type  is  proportional  to  the  sectional  area  multiplied  by  the  depth  Compare 
the  strength  of  an  X  section,  of  depth  8  inches,  breadth  of  each  flange 
3  inches,  thickness  of  both  flanges  and  web  1  inch,  with  that  of  a  rect- 
angular section  of  the  same  area  and  depth.     (I.C.E.,  Feb. ,  1900. ) 

33.  The  span,  A  C,  of  an  independent  girder  supported  at  each  end  is  120 
feet,  and  the  uniform  depth  from  centre  to  centre  of  booms  is  1 2  feet.  The 
web  consists  of  a  single  system  of  diagonal  ties  and  vertical  posts  which 
divide  the  span  into  ten  equal  panels.  A  uniform  dead  load  of  16  cwts. 
per  foot  is  assumed  to  be  equally  divided  between  the  upper  and  lower 
joints.  Under  this  load,  calculate  the  compressive  stress  in  post  No.  2, 
which  is  24  feet  from  abutment,  A.     (I.C.E.,  Oct.,  1900.) 

34.  The  girder  described  in  the  last  question  carries  a  deck  attached  to 
the  upper  boom,  and  when  a  live  load  of  25  cwts.  per  foot  (for  each  girder) 
extends  along  the  deck  from  post  No.  2  to  the  abutment,  C,  what  will  be 
the  total  compressive  stress  in  post  No.  2  due  to  dead  and  live  load  ? 

(I.C.E.,  Oct.,  1900.) 

35.  In  the  railway  bridge  above  described,  the  end-posts  are  vertical  and 
the  girders  are  supported  beneath  them  upon  rocker-bearings  at  A  and 
roller-bearings  at  C,  while  the  lower  chords  are  united  by  wind-bracing. 
Under  ordinary  working  conditions,  what  external  forces  can  you  discover 
that  would  impose  stress  of  any  kind  upon  the  first  bar  of  the  lower  chord 
at  either  end  of  the  span?    (I.C.E.,  Oct.,  1900.) 

36.  At  the  centre  of  a  plate- webbed  cross  girder  the  section  is  made  up  as 
follows : — Web-plate  17  inches  deep  and  J  inch  thick ;  upper  and  lower 
flanges  each  formed  of  a  plate  7£  inches  tf  £  inch,  united  to  the  web  by  a 
pair  of  angle-bars  3)  inches  x  3£  inches  x  }  inch.  Calculate  the  moment 
of  inertia,  I,  of  the  section.    (I.C.E.,  Oct.,  1900.) 
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37.  If  the  bending  moment  at  the  centre  of  this  cross  girder  is  60  foot- 
tons,  what  will  be  the  maximum  stress  in  the  extreme  fibres  ? 

(I.C.E.,  Oct.,  1900.) 

38.  Prove  that  the  " curvature"  of  an  elastic  beam  of  uniform  section  is 
everywhere  proportional  to  the  bending  moment.     (I.C.  E.,  Oct.,  1900.) 

39.  In  a  girder  of  150  feet  span,  supported  at  each  end,  the  uniform  depth 
from  centre  to  centre  of  booms  is  15  feet,  and  the  sectional  area  of  each 
boom  is  at  all  points  adapted  to  a  uniform  working  stress  of  5  tons  per 
square  inch  of  gross  section  under  the  maximum  load.  What  will  be  the 
deflection  of  the  girder  under  the  maximum  load  ?    (I.C.B.,  Oct.,  1>;00.) 

40.  When  a  beam  of  uniform  section  is  supported  at  each  end  and  loaded 
at  the  centre,  prove  that  the  deflection-curve  is  a  cubic  parabola. 

(I.C.E.,  Oct.,  1900.) 

41.  A  square  bar  of  steel  3  inches  by  3  inches,  weighing  about  30  lbs.  per 
lineal  foot,  and  32  feet  in  length,  is  laid  in  a  horizontal  position  and  sup- 
ported at  each  end.  What  will  be  the  deflection  of  the  bar  under  its  own 
weight  ?    Assume  E  =  28,000,000  lbs.     (I  C.  E. ,  Oct ,  1 900. ) 

42.  Laying  the  same  bar  across  a  central  support  so  that  each  arm 
becomes  a  cantilever  16  feet  long,  by  how  much  will  the  ends  droop  below 
the  level  of  the  central  support?    (I.C.E.,  Oct.,  1900.) 

43.  Taking  a  similar  bar  of  steel  36  feet  in  length,  and  laying  it  as  a 
continuous  beam  across  three  equal  openings,  A  B,  8  C,  C  D,  of  1 2  feet  each, 
find  the  bending  moments  at  the  two  intermediate  supports,  B  and  C,  and 
at  the  centre  of  the  span,  BC.  Make  also  a  sketch  of  the  diagram  of 
moments  for  the  three  spans.     (I.C.E.,  Oct.,  1900.) 

44.  A  beam  of  cast  iron,  1  inch  broad  and  2  inches  deep,  is  tested  upon 
supports  3  feet  apart,  and  shows  a  deflection  of  \  inch  under  a  central  load 
of  I  ton      Calculate  the  modulus,  E.     (I.C.E.,  Feb.,  1901.) 

45.  A  rolled  steel  beam  of  uniform  section  is  carried  at  the  ends  upon 
supports  20  feet  apart.  The  moment  of  inertia  of  its  section  amounts  to 
300  inch -units ;  and  the  lower  edge  of  the  beam  is  6  inches  below  the 
neutral  axis.  When  a  concentrated  load  of  8  tons  is  placed  upon  the 
centre,  what  will  be  the  maximum  tensile  stress  in  the  extreme  fibres  ? 

(I.C.E.,  Feb.,  1901.) 

46.  In  the  case  of  the  beam  described  in  Question  6  under  the  central 
load  of  8  tons,  calculate  the  deflection  at  the  middle  of  the  span,  assuming 
the  modulus  E  to  be  13,000  tons  per  square  inch.     (I.C.E.,  Feb. ,  1901.) 

47.  For  the  same  beam  calculate  the  deflection  at  the  middle  of  the  span 
under  a  uniformly  distributed  load  of  16  tons.     (I.C. E. ,  Ve1>.,  1901. ) 

48.  If  two  precisely  similar  beams  of  rectangular  section,  one  of  cast- 
iron  and  the  other  of  wrought-iron,  were  laid  across  the  same  span  and 
loaded  with  the  same  load  (within  the  elastic  limit),  what  would  be  the 
relative  deflections  of  the  two  beams?    (I.C.E.,  Feb.,  1901.) 

49.  A  straight  bar  of  steel  40  inches  in  length,  1  inch  broad,  and 
■j^  inch  in  thickness,  is  bent  into  the  form  of  a  bow,  having  an  elastic 
deflection  of  2  inches  in  the  middle,  and  the  ends  are  united  by  the  bow- 
string. Taking  the  modulus,  E,  at  29,000,000  lbs.,  what  will  be  the 
tension  on  the  string?    (I.C.E.,  Feb.,  190L) 

50.  A  beam  of  timber,  rectangular  in  transverse  section,  is  2  inches 
broad,  3  inches  deep,  and  4  feet  in  length,  and  rests  upon  supports  at  its 
ends.  The  breaking  load  at  the  centre  is  2,000  lbs.  What  would  have 
been  the  breaking  load  if  the  beam  had  been  4  inches  deep,  2  inches  broad, 
and  4  feet  between  the  supports,  but  loaded  at  a  distance  of  1  foot  from 
one  end?    (I.C.E.,  Oct.,  1901.) 

51.  A  rolled-steel  joist  16  inches  deep,  with  flanges  6  inches  wide  and 
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1  inch  thick  (the  web  being  £  inch  thick),  is  used  to  support  a  uniformly 
distributed  load  of  2  tons  per  foot  run.  If  the  span  is  12  feet  6  inches, 
what  is  the  maximum  tensile  stress  in  the  metal  of  the  lower  flange  ? 

(l.CE.,  Oct.,  1901.) 

52.  In  designing  a  plate  girder  it  is  found  that  the  shearing  force  acting 
on  a  particular  section  is  212  tons.  If  the  mean  depth  of  the  girder  at 
that  point  is  12  feet,  find  (a)  the  thickness  of  the  web-plate,  (ft)  the  pitch 
of  the  rivets  uniting  the  web-plate  to  the  booms.  Assume  a  working 
shearing  stress  of  9,000  lbs.  per  square  inch,  and  a  diameter  of  1&  inch  for 
the  rivets.     (I.C.E.,  Oct.,  1901.) 

53.  A  brick  wall  18  inches  thick  and  30  feet  in  height  has  to  be  carried 
by  a  steel  plate  girder  over  a  span  of  30  feet.  Assuming  that  the  brick- 
work weighs  120  lbs.  per  cubic  foot,  and  that  the  weight  of  the  floors 
supported  by  the  wall  is  equal  to  an  additional  distributed  load  of  £  ton 
per  foot  run  of  the  girder,  determine  suitable  cross-sections  for  the  girder 
at  the  centre  and  at  the  ends.     (I.C.  £. ,  Feb. ,  1902. ) 

54.  Find  an  expression  for  the  maximum  deflection  of  a  uniform  beam 
with  its  ends  fixed  in  a  horizontal  direction  under  a  uniformly  distributed 
load  of  W  pounds  per  foot  run.  If  the  beam  is  solid  circular  section 
2J  inches  diameter,  and  the  span  is  10  feet,  find  (a)  the  maximum  deflection, 
(6)  the  position  of  the  points  where  there  is  no  bending  moment.  Assume 
E  =  29,000,000  lbs.  per  square  inch.     (I.C.E.,  Feb.,  1902.) 

55.  A  floor  is  supported  by  wooden  joists  spaced  12  inches  apart  from 
centre  to  centre,  if  the  joists  are  9  inches  deep  and  3  inches  wide,  and 
the  clear  span  is  18  feet,  what  distributed  load  per  square  foot  could  the 
floor  safely  carry  if  the  maximum  longitudinal  stress  in  the  wood  is  not  to 
exceed  1,200  lbs.  per  square  inch.     (I.  C. E. ,  Feb. ,  1902. ) 

56.  In  a  test  of  a  cast-iron  beam  on  a  span  of  30  inches  the  following 
deflection  results  were  obtained : — 


Load  in  Centre  of  Span. 

Deflection  in  Centre. 

Lbs. 

Inch. 

200 

o-oio 

400 

0-018 

600 

0*028 

800 

0-037 

1.000 

0046 

Load  in  centre  at  rupture  3,800  lbs.  If  the  cross  section  of  the  beam  at 
the  centre  was  1  '05  inches  in  breadth  and  2*07  inches  in  depth,  find  the 
modulus  of  elasticity  of  the  cast  iron,  and  the  maximum  tensile  stress  when 
rupture  occurred.     (I.C.E.,  Feb  ,  1902.) 

57.  A  beam  12  feet  long  is  loaded  at  distances  of  1,5,  and  10  feet  from 
one  end  with  weights  of  4,  5,  and  6  tons.  It  is  supported  at  the  middle 
and  ends,  the  middle  supporting  force  being  5  tons.  Find  the  other  sup- 
porting forces  and  the  greatest  bending  moment.     (I.C.E.,  Oct.,  1902.) 

58.  in  a  bridge  carrying  two  lines  of  railway  of  standard  gauge,  the 
cross-girders  are  26  feet  Ions,  and  the  maximum  load  that  can  come  upon 
each  is  60  tons,  distributed  between  the  four  rails ;  design  the  flanges  of  an 
intermediate  cross-girder  if  its  depth  is  3  feet.     (I.C.E.,  Oct. ,  1902.) 

59.  A  suspension  bridge,  120  feet  span,  is  stiffened  by  two  horizontal 
stiffening  girders  hinged  at  their  centre ;  if  the  live  load  is  1  ton  per  foot 
run  and  it  covers  one- half  of  the  bridge,  find  the  horizontal  component  of 
the  pull  in  the  wire  ropes  of  the  bridge.     (I.C.E.,  Oct.,  1902.) 

60.  A  mild  steel  bar,  5  feet  long,  3  inches  deep,  and  I  inch  broad,  has  a 
load  of  $  ton  applied  at  its  centre ;  what  would  bo  the  deflection  if  the 
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modulus  of  elasticity  is  13,000  tons  per  square  inch  ?  Start  with  the  fact 
that  the  second  differential  coefficient  of  the  deflection  is  equal  to  the 
bending  moment  divided  by  the  product  of  the  modulus  of  elasticity  and 
the  moment  of  inertia.     (I.C.E.,  Oct.,  1902.) 

61.  A  wrought-iron  beam  10  feet  long,  6  inches  deep,  and  2  inches  broad, 
has  a  weight  of  5,000  lbs.  dropped  on  it  at  its  centre ;  what  distance  must 
this  weight  fall  to  produce  a  maximum  stress  of  5  tons  per  square  inch  in 
the  beam  ?  What  load  applied  gradually  at  the  centre  would  produce  the 
same  stress,  and  what  would  the  deflection  be  under  this  load  ? 

(I.C.E.,  Oct.,  1902.) 

62.  A  girder  of  Z  section,  12  feet  long,  flanges  4  inches  broad  by  £  inch 
thick,  depth  centre  to  centre  of  flanges  6  inches,  carries  a  load  of  30  tons 
at  the  centre ;  draw  a  diagram  showing  the  variation  of  the  maximum 
normal  stress  in  the  flanges  from  the  ends  to  the  centre.  What  is  the 
total  shearing  stress  between  the  flanges  and  web  from  each  end  to  the 
centre?    (I.C.E.,  Oct.,  1902.) 

63.  A  beam  of  80  feet  span  carries  nine  cross  girders,  including  one  at 
each  end,  10  feet  apart,  which  support  a  uniform  load  of  2  tons  per  foot 
run  ;  draw  the  bending-moment  diagram  for  the  beam,  and  show  that  the 
ordinate  at  one-eighth  the  span  is  the  shearing  force  to  a  certain  scale  in 
the  first  one-eighth  Bpan  ;  that  the  difference  between  the  ordinates  at  the 
second  and  first  one-eighth  of  the  Bpan  is  the  shearing  force  to  the  same 
scale  in  the  second  one-eighth,  and  so  on.  Give  the  scale  of  the  bending- 
moment  diagram,  and  state  to  what  scale  this  shearing-force  diagram 
would  be  drawn.     (I.C  E. ,  Oct. ,  1902. ) 

64.  A  cast-iron  beam  is  the  shape  of  an  inverted  T  9  inches  deep  overall, 
width  of  fiance  6  inches,  thickness  of  web  and  flange  1  inch  ;  if  its  length 
is  12  feet,  find  what  weight  at  the  centre  will  cause  a  tensile  stress  of  1  ton 
per  square  inch  in  the  flange.  What  would  the  maximum  compressive 
Btress  then  be?    (I.G.E.,  Oct.,  1902.) 

65.  A  tank,  which  weighs  &  ton  and  measures  10  feet  x  6  feet  x  3  feet,  is 
filled  with  water  and  carried  on  three  girders  placed  lengthwise,  but  so 
that  each  girder  takes  the  same  weight.  If  the  depth  of  the  girders  is  6 
inches,  find  the  necessary  breadth  and  thickness  of  the  flanges. 

(ICE.,  Feb.,  1903.) 

66.  What  is  meant  by  residence?  A  timber  beam  30  feet  long  and  12 
inches  square  in  cross-section  rests  on  a  support  at  each  end  ;  if  a  load  of 
1  ton  is  placed  in  the  centre  of  the  beam,  find  the  work  done  in  deflecting 
it.    (LC.K,  Feb.,  1903.) 
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LECTURE    XXXIII. 
HYDROSTATICS— HYDRAULIC  MACHINES. 

Contents.  -  Hydraulics — Fluids—  Viscosity  —  Transmission  of  Pressure 
by  a  Fluid— Pressure  of  a  Heavy  Fluid -Head— Pressure  on  an 
Immersed  Surface— Examples  I.,  II.,  Ill  ,  and  IV. — Centre  of  Pres- 
sure— Cwntre  of  Pressure  on  a  Rectangle — Triangle — Circle  Ex- 
ample V.— Energy  of  Still  Water— Common  Suction  Pump— Belt- 
driven  Suction  Pump — Example  VI. — Air  Pump — Single-acting  Force 
Pump— Single-acting  Force  Pump  with  Ball  Valves — Force  Pump  with 
Air  Vessel — Continuous  Deli  »-ory  Pumps  without  Air  Vessels — Double- 
acting  Force  Pump— Double-acting  Circulating  Pump — Worthington 
Steam  Pump — Pulsometer  Pumps —Roots'  Blower — Bramah's  Hy- 
draulic Press— Examples  VII.  ana  V  111.  —Hydraulic  Flanging  Press- 
Hydraulic  Jack— Examples  IX.,  X.,  and  XI. — Hydraulic  Bear— 
Lead-covering  Cable  Press — Hydraulic  Accumulator— Example  XII. 
— Hydraulio  Cranes — Hydraulic  Wall  Crane — Movable  Jigger  Crane 
— Double  Power  Hydraulic  Crane— Hydraulic  Capstan — Questions. 

Hydraulics. — In  its  widest  sense,  the  term  "  Hydraulics n  is 
given  to  the  study  of  the  mechanical  properties  of  fluids  and  their 
application  to  practical  purposes.  In  a  more  restricted  sense,  it 
refers  to  the  science  of  the  pressure  and  flow  of  water  and  their 
applications  in  engineering.  It  is  divided  into  two  sections : — 
Hydrostatics,  the  science  of  fluids  at  rest ;  and  Hydrokinetics,  the 
science  of  fluids  in  motion. 

Fluids. — In  many  investigations  it  is  necessary  for  simplicity  to 
assume  that  we  are  dealing  with  a  perfect  fluid ;  that  is,  one 
which  possesses  the  following  property  : — 

Definition.— A  fluid  is  a  substance  which  offers  no  resistance 
to  a  continuous  change  of  shape. 

There  are  two  kinds  of  fluids — those  which  are  practically  in- 
compressible, termed  liquids;  and  those  which  are  easily  com- 
pressed, called  gases  and  vapours.  We  know  of  no  substance  which 
completely  fulfils  the  above  definition  \  but  water,  many  other 
liquids,  and  all  gases,  so  nearly  comply  with  it,  that  for  mauy 
purposes  we  may,  in  practice,  consider  them  as  perfect  fluids. 
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Viscosity. — Ordinary  fluids,  however,  do  offer  some  resistance 
to  a  change  of  shape,  and  the  property  in  virtue  of  which  they  do 
so  is  called  the  viscosity  of  the  fluid.  A  substance,  such  as  syrup, 
which  offers  considerable  resistance  to  a  rapid  change  of  form,  but 
which  goes  on  changing  its  shape  so  long  as  any  deforming  forces 
are  applied  to  it,  however  small  these  forces  may  be,  is  usually 
called  a  viscous  fluid.  This  term,  strictly  speaking,  applies  to  all 
fluids,  since  all  have  some  viscosity.  It  should,  however,  be  noted 
that  even  the  most  mobile  fluid  will  offer  an  appreciable  resistance 
to  a  sudden  deformation,  because  parts  of  it  have  to  be  set  in 
motion  and  their  inertia  comes  into  play.  This  must  not  be  con- 
founded with  their  viscosity. 

A  solid  body  differs  from  a  viscous  fluid  in  that  a  small  force 
produces  in  it  a  definite  change  of  shape  in  a  short  time,  and  there- 
after no  further  deformation  takes  place.  Many  solids,  however, 
such  as  lead,  tin,  copper,  and  iron,  when  subjected  to  very  great 
stresses,  behave  like  viscous  fluids,  and  keep  flowing  as  long  as  the 
pressure  is  kept  up.     Even  with  very  small  forces,  such  apparently 

solid  bodies  as  sealing  wax  and  cobbler's  ^ 

wax,  which  fly  to  pieces  when  we  subject      4" 
them  to  a  sudden  force,  such  as  a  blow 
from   a   hammer,   will   gradually  yield 
when  sufficient  time  is  allowed,  and  con- 


sequently  they   must  be  considered  as     *>'  *. —  ^   — #--  -= 
very   viscous   fluids.      For   instance,   a       Viscosity  of  a  Fluid. 
leaden  bullet  will  sink  in  a  thick  piece 

of  cobbler's  wax  and  a  cork  will  rise  upwards  through  it,  just  as 
they  would  do  through  syrup  or  water,  but  they  may  take  many 
months  or  years  to  do  so. 

The  viscosity  of  a  fluid  is  measured  by  the  shear  stress  required 
to  deform  it  at  the  uniform  rate  of  unit  shear  strain  per  unit  time. 
Tbus,  if  the  figure  represents  a  small  portion  of  fluid  and  if  a 
tangential  stress  /acts  along  A  B  and  C  D,  the  fluid  will  change 
its  shape  by  the  part  A  B  moving  along  with  a  velocity  v,  rela- 
tively to  the  part  D  C. 

Then         Shear  strain  produced  }    =  Velocity  of  A 
'  in  unit  time  )        Distance  A  D 

v 
Or,  Bate  of  shear  =  -=  =  «. 


d 


f 


Coefficient  of  viscosity     =  p  =  J (I) 


(u 


When  dealing  with  fluids  at  rest  and  in  hydraulic  machines, 
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(Horizontal  Section.) 

Transmission  of  Pkkssurk  by 
Fluids. 


such  as  presses,  cranes,  <fec.,  ia  which  the  motion  of  the  liquid  is 
comparatively  slow,  we  need  not  take  account  of  their  viscosity ; 
but  when  considering  their  flow  through  pipes  and  channels  it 
becomes  of  great  importance. 

Transmission  of  Pressure  by  a  Fluid. — Pascal's  law,  that  "  fluids 
transmit  pressure  equally  in  all  directions/'  follows  at  once  from 

our  definition  of  a  fluid.  Thus, 
take  a  vessel  filled  with  a  fluid  and 
fitted  with  several  frictionless 
pistons  which  all  have  the  same 
area  and  are  held  in  place  by 
springs.  If  we  now  apply  an  in- 
ward force  through  the  spriug  to 
one  of  the  pistons,  say  Vlf  we  shall 
find  that  each  of  the  other  pistons 
will  be  pushed  outward  with  the 
8a me  force.  Had  the  pistons  been 
of  different  areas  we  should  have 
found  the  forces  proportional  to 
their  areas,  showing  that  the  pres- 
sure per  unit  area  is  the  same  in  all  directions. 

Another  property  following  from  our  definition  is  that  the  pres- 
sure on  any  surface,  real  or  imagined,  is  everywhere  normal  to 
that  surface. 

Pressure  of  a  Heavy  Fluid— Head.— Had  the  fluid  in  the  above 
experiment  been  water  or  mercury  and  the  pistons  placed  at 
different  levels,  we  should  have  found  that  the  pressure  was  not 
the  same  on  all  of  them,  but  greatest  on  the  lowest  and  least  on 
the  uppermost  piston.  This  difference 
is  due  to  the  weight  of  the  fluid.  For 
example,  if  we  have  a  quantity  of  liquid, 
the  pressure  at  the  bottom  end  B,  of  a 
vertical  column  A  B,  would  be  greater 
than  at  A ;  and,  since  the  pressures 
round  the  sides  of  the  column  balance 
one  another,  the  weight  and  the  pres- 
sures on  the  ends  must  be  in  equi- 
librium. The  difference  of  pressure  is, 
therefore,  equal  to  the  weight  of  a 
cylinder  of  liquid  whose  length  is  A  B  and  whose  cross  section 
has  unit  area.  This  will  obviously  be  proportional  to  the  length 
of  the  column  A  B ;  that  is,  to  the  difference  of  level. 

In  the  figure,  the  upper  surface  is  open  to  the  atmosphere,  aud 
is,  therefore,  called  the  Free  Surface.  The  pressure  at  A  is  atm  >- 
spheric,  but  in  connection  with  hydraulics  i*<  is  customary  to  reckon 
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Fluid. 
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this  as  the  zero  of  reference,  and  when  we  speak  of  the  pressure  of 
a  fluid  we  mean  the  excess  of  its  pressure  above  that  of  the  atmo- 
sphere. 

Since  we  can  have  any  pressure  by  taking  AB  of  suitable 
length,  we  very  often  measure  a  pressure  by  the  length  of  the 
vertical  column  of  liquid  which  it  will  support — or,  what  is  the 
same  thing,  which  will  produce  the  same  pressure — and  we  shall 
term  this  length  the  Head.  The  column  itself  we  shall  refer  to  as 
the  Pressure  Column.  With  water  each  foot  of  head,  and  with 
mercury  each  inch,  corresponds  to  nearly  half  a  pound  per  square 
inch.     The  exact  figures  are  : — 

1  Foot  of  Water      =  0434  lb.  per  square  inch. 

1  Inch  of  Mercury  =  0491        „  „ 

If  A  be  the  height  of  the  free  surface  above  the  point  we  are 
considering,  and  to  the  weight  of  unit  volume  of  the  liquid,  the 
pressure  per  unit  area  will  be  : — 

p  =  wh (II) 

For  fresh  water,  w  may  be  taken  as  62*42,  or  nearly  62$  lbs. 
(1,000  ounces)  per  cubic  foot,  or  0*0361  lb.  per  cubic  inch. 

Pressure  on  an  Immersed  Surface.— If  the  above  pressure  be 
exerted  on  every  unit  of  a  surface  whose  area  is  a,  the  total  pres- 
sure on  that  surface  will  be  : — 

P  =  a  x  p  =  aw h (Ill) 

This  is  also  frequently  called  "  the  pressure,"  but  it  is  usually 
quite  clear  whether  the 
total  pressure  or  the  inten- 
sity of  pressure  is  meant, 
although  they  are  com- 
monly denoted  by  the  same 
terra. 

On  a  plane  surface  which 
is  not  level,  the  intensit}r  of 
pressure  is  not  the  same  for 
all  parts.  In  such  a  case, 
we  may  find  the  total  pres- 
sure as  follows : — _____ 

Let   AB   be  the   inter-       TKBaaxmit  0N  A  Submerged  Surface. 
section  of  the  plane  of  the 

submerged  surface  with  the  free  surface  of  the  water.  Draw  the 
line  BC  in  that  plane  j>eipendicular  to  A  B,  and  take  D  E,  a 
very  narrow  strip  or  element  of  the  surface,  at  right  angles  to  B  0 


382  LECTURE   XXXTTI. 

ami  distant  x  from  A  6.  A  B  and  D  E  will  be  parallel  since  they 
are  in  one  plane  and  both  perpendicular  to  BC.  Consequently, 
D  E  will  be  horizontal,  and,  therefore,  the  intensity  of  pressure 
over  it  will  be  uniform  and  equal  to  w  ?/,  y  being  the  depth  of  the 
strip  below  the  surface.  Hence,  if  6  be  the  breadth  D  E  of  the 
surface  (is  ,  the  length  of  the  strip),  and  dx  that  of  the  strip,  the 
total  pressure  on  the  element  will  be  bdx  x  wyy  or  bdxwx  sin  6 
since  y  =  x  sin  0,  if  0  be  the  inclination  of  the  plane  to  the  hori- 
zontal. Now,  we  can  split  up  the  whole  surface  into  a  very  large 
number  of  such  elements  and  the  total  pressure  on  it  will  be  the 
sum  of  all  those  on  the  elements  : — 


>f> 


P  =  w  sin  0  J    b  i dx, 
*i 

But  bxd x  is  the  area  of  an  element  multiplied  by  its  distauca 
from  A  B,  and,  therefore,  from  the  definition  of  the  centre  of 
gravity  of  a  lamina,  the  integral  is  equal  to  the  whole  area  a 
multiplied  by  the  distance  of  its  centre  from  A  B.  Let  this 
distance  be  x,  and  let  h  ~x  sin  4,  be  the  depth  of  the  centre 
below  the  surface  : — 

Then,  P  =  wain  $  x  ax  =  a  (JU  h.       .  .     (IUa) 

This  is  evidently  the  same  pressure  as  if  the  surface  were  level 
and  immersed  at  the  same  depth  as  its  centre  of  gravity. 

Example  I. — A  cylindrical  tank,  6  feet  in  diameter  and 
10  feet  deep,  is  filled  with  water,  find  the  bursting  pressure 
round  the  base  of  the  tank,  and  the  pressure  on  its  base. 

Answer. — The  bursting  pressure  round  the  base  is  measured 
by  the  intensity  of  the  fluid  pressure  on  any  small  area  of  the 
curved  surface  infinitely  near  to  the  base.  This  pressure  will 
be  exactly  equal  to  that  on  the  base.  Hence,  the  question 
resolves  itself  into  finding  the  intensity  ol  the  pressure  on  the 
base. 

.••  Bursting  pressure  \ 

round  the  base  >  =     Pressure  per  square  inch  on  base. 
of  tank  ) 

„  „  =     ohw. 

„  „  =     . TT  x  10  x  62-5  =  4-34  lbs.  per  sq.  in. 

144 

Again,     Total  pres-  )  __   \  Area  of  base  in  sq.  ins.  x  pressure 
sure  on  base  J  _  1     per  sq.  in. 

Or,  „       „  =      2?x  36x36x4-34  =  17,678  lbs. 
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Example  II. — A  circular  water  tank  is  20  feet  in  diameter 
and  25  feet  deep.  It  is  constructed  of  6  rings  of  cast-iron 
plates.  Find  the  total  stress  on  any  vertical  section  of  the 
bottom  row  of  plates  made  by  a  plane  passing  through  the  axis 
of  the  cylinder,  neglecting  any  assistance,  afforded  by  the  flanges 
or  connection  with  the  bottom  plate.     (S.  and  A.  Exam.,  1888.) 

Answer. — It  lias  been  proved  in  Lecture  XXIX.  that  when  a 
cylindrical  shell  is  subjected  to  internal  fluid  pressure,  the  total 
stress  in  the  material  along  any  section  made  by  a  plane 
containing  the  axis  of  the  cylinder  is  equal  to  the  total  fluid 
pressure  on  either  side  of  that  part  of  the  plane  intercepted 
within  the  cylinder. 

Hence,  total  stress  in  material  of  bottom  row  of  plates  =  total 

fluid  pressure  on  vertical  plane  through  the  axis  of  the  cylinder 

at  the  bottom  row  of  plates. 

25 
Since  the  breadth  of  each  ring  =  —  =  4£  ft. ;  therefore,  depth 

of  c.  g.  of  bottom  ring  =  h  =  25  -  J  x  4  J  =  22* 96  ft. 
.*.    Total  stress  in  material) 

along  section  at  bottom  >  =ahw, 
row  of  plates  j 

„  „  =  (20  x  4J)  x  22-96  x  62-5  lbs. 

„  „  =119,357  lbs. 

Example  III. — How  is  the  pressure  of  water  on  a  given  area 
immersed  in  it  ascertained  1  A  water  tank,  8  feet  long  and 
8  feet  wide,  with  an  inclined  base,  is  12  feet  deep  at  the  front 
and  6  feet  deep  at  the  back,  and  is  filled  with  water.  Find  the 
pressure  in  lbs.  on  each  of  the  four  sides,  and  on  the  base; 
water  weighing  62J  lbs.  per  cubic  foot. 

Answer. — The  total  fluid  pressure  on  any  area  immersed  in 
the  fluid  is  given  by  the  f»rmula— P  =  a  h  IV. 

Where  a  =  Area  of  surface  exposed  to  the  fluid  pressure, 

h  =»  Depth  of  centre  of  gravity  of  immersed  area  below 

free  surface  of  fluid, 
w  =  Weight  of  a  cubic  unit  of  fluid. 
The  shape  and  dimensions  of  the  tank  will  be  readily  seen 
from  the  figure. 

(a)  To  find  the  total  pressure  on  Upfront  A  B  C  D. 
Here,   a-ADxDG»8x  12  =  90  sq.  ft. 

h  =  £  depth  D  C  =  6  ft.         w  =  62*  lbs.  per  cubic  ft. 
♦\    Pressure  on  front  A  B  C  D  =--  ahw, 

„  „         =  96  x  6  x  62J  -  36,000  lbs. 


384 


LECTURE    XXXIIT. 


(b)  To  find  ike  total  pressure  on  tlie  back  E  F  M  N. 

Here,  a=FMx  MN  =  8  x  G  =  48sq.  ft.;  /i  =  £  E  F  =  3  ft. 
.-.    Pressure  on  back  EFMN  =  «£m>, 

=  48  x  3  x  62£  »  9,000  lbs. 

(c)  To  find  the  total  pressure  on  base  C  B  M  F. 

Before  we  can  find  the  area  of  the  base,  we  must  know  its 
length  C  F.  From  F  draw  F  H  parallel  to  E  D,  and  therefore 
perpendicular  to  D  C.     Then  C  H  F  is  a  right-angled  triangle 


Pressure  on  Sides  of  Tank. 

whose  sides  are  F  H  =  E  D  =  8  ft.,   and   HO=DC-DH 
=  DC-EF  =  6ft. 


0  F  =  «/**  V2  +   H  C2  =  J8*  +  6*  =  10  ft. 
a  =  C  F  x  0  B  =  10  x  8  =  80  sq.  ft. 
Again,  the  depth  of  the  c.    .  of  the  base  0  B  M  F  is  clearly — 

h  =  i  (D  0  +  E  F)  =  9  ft. 
.-.    Pressure  on  base  C  B  M  F  «=  ahw, 

-  80  x  9  x  62J  =  45,000  lbs. 
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:  }  E  F  =  3  f  t. 


(d)  To  find  the  total  pressure  on  either  side  CDEF  or  ABM  N. 

In  this  case  it  is  perhaps  best  to  divide  the  trapezoidal  area 
CDEF  into  two  figures  whose  centres  of  gravity  can  be  easily 
determined.  Thus,  the  line  F  II  divides  the  side  CDEF  into 
a  rectangle  D  E  F  H,  and  a  triangle  F  H  C.  Then  the  total 
pressure  on  CDEF  is  equal  to  the  sum  of  the  pressure  on 
D  E  F  H  and  F  H  C. 

Area  o/D  E  F  H  =  8  x  6  =  48  sq.  ft. 

And,  Depth  o/c.  g.  of  \   __ 
area DEFH  J  " 

•\  Pressure owDEF K*=ahw 

„  „  ^  48  x  3  x  62J  lbs. 

Again,     Area  o/FHC  =  JHFx  HC=i  x8x  6  =  248q.  ft 

The  c.  g.  of  triangle  FHC  is  at  a  distance  of  £  of  II  C  below 
the  horizontal  F  H,  and  therefore  at  a  distance  of  6  +  £  of  6 
or  8  feet  below  D  E. 

Pressure  owFHO  =  ahw, 

„       =  24  x  8  x  62£  lbs. 

.\  Pressure  on  side  C  D  £  F  )      AQ    Q    aol     ol     Q    AOin 
orABMN  >  =  48  x  3  x  62  J  +  24  x  8  x  62}  lbs., 

„  „  =48x62|x(3  +  4)  =  21,0001bs. 

Example  IV. — A  cylindrical  vessel,  10  feet  long,  open  at  one 

L  M 


Pressube  in  Diving  Bell. 

end  and  closed  at  the  other,  forms  a  diving  bell.     It  is  lowered 

25 
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into  water  with  its  open  end  downwards  until  the  surface  of  the 
water  in  the  cylinder  is  at  a  depth  of  100  feet.  Find  how  lar 
the  water  has  risen  in  the  cyliuder,  and  the  pressure  of  the  con- 
tained air.     (Take  the  height  of  the  water  barometer  as  34  feet.) 

Answer. — 

Let  H  =  Depth  of  surface  of  water  in  bell  =100  feet. 
„     h  =  Height  of  water  barometer  =  34  feet. 
„      1  =  Length  of  cylinder  forming  bell  =  10  feet. 
„     x  =  Height  that  water  rises  in  bell. 

Before  the  bell  is  immersed  in  the  water  the  pressure  of  the 
contained  air  is  simply  that  due  to  the  atmosphere.  After 
immersion  the  pressure  will  be  greater  than  that  of  the  atmo- 
sphere by  an  amount  due  to  a  head  of  water  of  H  feet. 

Assuming,  then,  that  the  air  in  the  bell  has  been  compressed 
according  to  Boyle's  Law  (p  v  =  a  const.),  we  get : — 

Press,  of  compressed  air  \  _  t  Press,  of  atmosphere 
x  Vol.  of  compressed  air  J  ~~  \     x  Vol.  of-  ell. 

Vol.  of  compressed  air        Press,  of  atmosphere 
Vol.  of  bell  Press,  of  compressed  air* 

Since  the  bell  is  of  uniform  cross  sectional  area  throughout, 
we  get : — 

Pi  I.  of  comjyressed  air  _l-x 
Vol  of  bell  T"' 

l-x        A_ 
I    "H  +  V 

Ul       100x10 


H  +  A      100  +  34 


=  7-46  feet. 


The  pressure  of  the  air  in  the  bell  when  immersed  is  equal 
to  the  pressure  due  to  a  depth  of  (H  +  h)  feet  of  water. 

.*.    Pressure  of  air  in  bell  =  a  (H  +  h)  W  =  — -  x  134  x  62-5 

7  144 

„  „         =  5816  lbs.  per  sq.  inch. 

Centre  of  Pressure. — We  could  balance  the  pressure  on  an 
immersed  surface  by  a  single  force — the  reverse  of  the  resultant 
of  the  pressure— acting  through  a  certain  point  in  the  plane  of  the 
surface,  and  this  point  is  called  the  Centre  of  Pressure. 


CKNTRK  OF  PRESSURE  ON  A  RECTA.NGLB.         387 

To  find  the  depth  of  the  centre  of  pressure  we  may  proceed  as 
follows : — 

Referring  to  our  former  figure  we  see  that  the  moment  about 
A  B  of  the  pressure  on  the  elementary  strip  DEi&wyxbdxxx, 
or  to  sin  $  b  x*  d  x.     Hence  the  total  moment  is : — 


J  jr. 


M  =  to  sin  $  I    bx*dx. 

Now,  b  x2  d  x  is  the  product  of  the  area  of  an  element  into  the 

square  of  its  distance  from  A  B,  and  consequently  /    b  x*  dx  is  the 

second  moment,  or  moment  of  inertia,  of  the  area  about  A  B.  As 
shown  in  equation  (III)  of  Lecture  XXII.,  it  is,  therefore,  equal 
to  I  +  a  .r2,  where  I  is  the  moment  of  inertia  about  an  axis  H  K, 
through  the  centre  of  gravity  parallel  to  A  B  : — 

M  =*  to  sin  i  (I  +  a  i2). 

Again,  the  moment  of  the  resultant  must  be  the  sum  of  the 
moments  of  its  components.  Let  X  be  the  distance  of  the  centre 
of  pressure  from  A  B : — 

Then,  PX  =  M  «  to  sin  0  (I  +  a?). 

_  _  w  sin  0  (I  +  ax*)  _  to  sin  0  (I  +  as?) 
ir  wsmvax 

*-m* <"> 

That  is,  the  distance  of  the  centre  of  pressure  from  A  B  is  the 
ratio  of  the  second  moment  of  the  surface  about  A  B  to  its  first 
moment  about  the  same  axis. 

If  for  I  we  write  a  A2,  h  being  the  radius  of  gyration  about  the 
axis  H  K,  and  h  for  x  sin  $,  we  get : — 


_       a  k*  +  a  x"  __  ir  -t-  xm  __  yaiu-g  +  n-  ,v. 

A a~x  — Y~  A  sin*      "   •     '     ^V> 


We  shall  now  show  how  to  apply  these  results  to  a  few  simple 
cases,  and  will  also  explain  an  easier  method  for  special  cases. 

Centre  of  Pressure  on  a  Rectangle.— First,  consider  a  rectangle 
immersed  with  one  edge  in  the  surface.  We  find  from  Table  II. 
in  Lecture  XXII.,  that  the  value  of  1?  for  a  rectangle  is  ^  P9 


388 


LECTURE    XIXIII. 


where  I  is  the  length  of  the  rectangle  at  right  angles  to  the  axis. 
Also,  x  will  be  \l : — 


x  =  £^ 


hi 


f  _ 


-(*  +  »*-!*■• 


(VI) 


If  the  rectangle  be  immersed  further,  until  its  centre  is  at  a 
depth  hy  the  top  edge  being  kept  horizontal,  we  do  not  get  such  a 
simple  result,  but  it  can  be  at  once  obtained  for  auy  given  case 
from  equation  (V). 


Centre  of  Pressure  on  a  Rectanule. 

We  can  also  obtain  our  result  in  the  following  manner:—- At 
every  ]>oint  in  B  C — the  central  line  of  the  rectangle — draw  a  line 
at  right  angles  to  it  of  such  a  length  as  to  represent  the  whole 
pressure  on  a  horizontal  strip  at  that  level.  When  the  ends  of 
these  are  joined  we  will  have  a  triangle  BCD,  whose  area  repre- 
sents the  total  pressure  on  the  rectangle.  The  resultant  pressure 
will  pass  through  the  centre  of  gravity  of  this  triangle,  and  will, 
therefore,  be  two-thirds  down  from  the  vertex.  Hence,  the  centre 
of  pressure  is  distant  two-thirds  of  the  length  of  the  rectangle 
from  the  top. 

When  the  upper  edge  of  the  rectangle  is  below  the  surface,  we 
obtain,  instead  of  a  triangle  to  represent  the  pressure,  a  trapezium 
B  F  E  C,  whose  inclined  sides,  when  produced,  meet  in  the  surface 
of  the  liquid.  We  ascertain  the  centre  of  pressure  by  finding  the 
resultant  of  two  forces,  P2  and  P2,  the  former  of  which  is  pro- 
portional to  the  area  of  the  triangle  F  E  H,  and  is  two-thirds 
down  from  F,  while  the  latter  passes  through  the  centre  of  the 
rectangle  B  F  H  C,  and  is  proportional  to  its  area.  This  may  be 
done  graphically  as  explained  in  Lecture  XXVIII. 

Centre  of  Pressure  on  a  Triangle. — For  a  triangle  with  its  base 
in  the  surface,  A£  =  -j1^  I*,  and  x  =  ^  I : — 


X 


tV2 


-*' 


*--(*  +  *)«-**-    .    •   (vri) 


CENTRK   OP   PRESSURE   ON   A   CIRCLE. 
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This  may  also  be  proved  geometrically.  The  intensity  of 
pressure  on  a  horizontal  strip  is  proportional  to  its  depth  below 
the  surface,  while  the  length  of  the  strip,  and,  therefore,  its  area, 
is  proportional  to  its  distance  from  the  vertex  0.  Consequently, 
the  whole  pressure  on  each  horizontal  element  will  be  proportional 
to  the  product  x  (I  -  x)  for  elements  of  the  same  width.  The  area 
representing  the  pressure  will,  therefore,  be  a  parabola,  B  E  D  C, 
passing  through  B  and  C,  with  its  axis  perpendicular  to  B  C,  and, 
consequently,  the  centre  of  pressure  must  be  half  way  down. 


Centre  of  Pressure  on  a 
Triangle. 


Pressure  on  Sluice  Gate. 


If  the  vertex  is  in  the  surface,  and  the  base  horizontal,  then 


s  7  • 


X  ;=  *£-! 


^"GV  +  *)'-!*■ 


2  7 


(VIII) 


Centre  of  Pressure  on  a  Circle. — The  only  other  case  we  shall 
consider  is  that  of  a  circle  immersed  vertically,  with  its  centre  at  a 
depth  h.     Here  k?  =  £  r2,  and  x  =  h  : — 


x  _*/-*  + 


(IX) 


When  the  circumference  just  touches  the  surface,  h  =  r,  and 
this  becomes : — 

X  =  fr  =  |(/. (X) 

Where  r  is  the  radius,  and  d  the  diameter  of  the  circle. 

Example  V. — A  sluice  gate  is  4  feet  broad  and  6  feet  deep,  and 
the  water  rises  to  a  height  of  5  feet  on  one  side,  and  2  feet  on  the 
other  side.  Find  the  pressure  on  the  gate,  and  the  centres  of 
pressure. 
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Answer. — The  net  pressure  on  the  sluice  goto  is  evidently  equal 
to  the  difference  of  the  pressures  on  the  two  sides. 

Total  Pressure  on  Back  =  aj  ^  w  =  (4  x  5)  x  2-5  x  62-5  =  3,125  lbs. 
„  „       JVon*  =  a2Aatt?  =  (4x2)x     1x62*5=    500,, 

Net  pressure  on  gate  =  2,625  „ 

The  centre  of  pressure  on  the  upper  side  is  one-third  of  5  feet, 
or  1  foot  8  inches,  up  from  the  bottom,  and  on  the  lower  side,  a 
third  of  2  feet,  or  8  inches.  To  find  the  resultant  centre  of 
pressure  take  moments  about  the  bottom  of  the  gate.  Then,  if 
this  centre  be  distant  x  inches  from  the  bottom  : — 

2,625  x  x  =  3,125  x  20  -  500  x  8  =  62,500  -  4,000. 

x  =  Nygp  _  22-3  ins.  -  1  ft.  10-3  ins. 
2,620 

Energy  of  Still  Water. — When  water  is  at  rest  it  possesses 

potential  energy   in  virtue  of  its 

position  and  of  its  pressure.     Con- 

\         sider  a  tank  filled  with  water,  and 

1         imagine  a  small    mass  m  of  the 

1  water    to   escape   from    the   tank. 

*        This    mass    will    not    only    lose 

i  potential  energy  through  falling  to 

i"        Drntum     Lmvml        I        a  lower  level,  but  it  could  also  do 

_  w  work  because  of  the  pressure  of  the 

Ekmtcy  of  Srnx  Water.         ^  rf  ^  watw  ^og  u  ,  wfty 

It  is  convenient  to  assume  some  datum  level  at  which  we  take 
the  energy  of  position  as  zero. 

Let  H  =  Height  of  free  surface  above  the  datum  level.     . 
„     Aj  =  Height  of  free  surface  above  m. 
„     A2  =  Height  of  m  above  datum  level. 
„      g  =  Acceleration  due  to  gravity. 
„       p  =  Density  of  fluid  -  mass  of  unit  volume. 
And,  w  =  Weight  of  unit  volume  of  fluid  =  p  g. 
Then  the  work  done  in  forcing  out  the  mass  m  is : — - 
Energy  of  Pressure  =  Volume  x  Pressure. 

„  „  =  —  x  whx  =  mghv 

And,        Energy  of  Position  =  mgh^ 

Total  Energy  =  mg^  +  h.2)  =  mg  H. 

Or,  for  a  unit  mass  :-- 

Energy  per  unit  mass  ~  g  (hx  +  h2)  =  jH.     .    (XI) 
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This  is  constant  for  all  parts  of  a  homogeneous  fluid  at  rest,  and 
H  may  be  called  the  total  head  of  the  water  in  the  tank. 

Common  Suction  Pump. — This  consists  of  a  bored  cast-iron 
barrel  P  B,  terminating  in  a  suction  pipe,  S  P,  fitted  with  a  per- 
forated end  or  rose  R,  which  dips  into  the  well  from  which  the 
water  is  to  be  drawn.  The  object  of  the  rose  is  to  prevent  leaves 
or  other  matter  getting  into  the  pump,  that  might  clog  and  spoil 
the  action  of  the  valves.  At  the  junction  between  the  barrel  and 
suction  pipe  there  is  fitted  a  suction  valve  S  V,  of  the  hinged 
clack  type  faced  with  leather.  The  piston  or  bucket  B  is  worked 
up  and  down  in  the  barrel  of  the  pump  by  a  force  P,  applied  to 
the  end  of  the  handle  H.  This  force  is  communicated  to  it 
through  the  connecting  link  of 
the  hinged  piston-rod,  PR. 
In  the  centre  and  at  the  top 
of  the  bucket  is  fixed  the 
clack  delivery  valve  D  V, 
which  is  also  faced  with 
leather  in  order  to  make  it 
water-tight.  The  bucket  is 
sometimes  packed  with  leather; 
but,  in  the  present  instance,  a 
coil  of  tightly  woven  flax  rope 
is  wrapped  round  the  packing 
groove. 

Action  of  the  Suction  Pump. 
— (1)  Let  the  barrel  and  the 
suction  pipe  be  filled  with  air 
down  to  the  water-line,  and 
let  the  bucket  be  at  the  end  of 
the  down  stroke.  Now  raise 
the  bucket  to  the  end  of  the 
up  stroke  by  depressing  the 
pump  handle.  This  tends  to 
create  a  vacuum  below  the 
delivery  valve;  therefore,  the 
air  which  filled  the  suction  pipe 
open 8  the  suction  valve,  expands,  and  fills  the  whole  volume  of  the 
barrel.  Consequently,  according  to  Boyle's  law,  its  pressure  must 
be  diminished  in  the  inverse  ratio  to  the  enlargement  of  its  volume. 
This  enables  the  pressure  of  the  atmosphere  to  force  a  certain 
quantity  of  water  up  the  suction  pipe,  until  the  weight  of  this 
column  of  water  and  the  pressure  of  the  air  between  the  suction  and 
delivery  valve,  balance  the  pressure  of  the  outside  atmosphere. 
(2)  In  pressing  the  bucket  to  the  bottom  of  the  barrel  by  ele- 
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vating  the  handle,  the  suction  valve  closes  and  the  delivery  valve 
opens,  thereby  permitting  the  compressed  air  in  the  barrel  to 
escape  through  the  delivery  valve  into  the  atmosphere. 

(3)  Raise  and  depress  the  piston  several  times  so  as  to  produce 
the  above  actions  over  again,  and  thus  gradually  diminish  the 
volume  of  the  air  in  the  pump  to  a  minimum.  Then  water  will 
have  been  forced  by  the  pressure  of  the  atmosphere  up  the  suction 

pipe  and  into  the 
pump,  if  the  bucket 
and  the  valves  are 
tight,  and  if  the  deli- 
very valve  when  at 
the  top  of  its  stroke 
be  not  more  than  the 
height  of  the  hydro- 
barometric  column 
above  the  water  line 
of  the  well.* 

(4)  The  bucket 
now  works  in  water 
instead  of  in  air;  in 
fact,  the  machine 
passes  from  being  an 
air-pump  to  being  a 
water  one.  During 
the  down  stroke  of 
the  piston  water  is 
forced  through  the 
delivery  valve,  and 
during  its  up  stroke, 
this  water  is  ejected 
through  the  spout ; 
at  the  same  time, 
more  water  is  forced 
up  through  the  suc- 
tion pipe  and  valve  to  fill  the  vacuum  created  by  the  receding 
piston.  In  the  case  of  a  common  suction  pump  water  is  therefore 
discharged  only  during  the  up  stroke  of  its  piston. 

*  Theoretically,  such  a  pump  should  be  able  to  lift  water  from  a  depth 
of  34  feet  below  the  highest  part  of  the  stroke  of  the  delivery  valve,  out 
practically,  owing  to  the  imperfectly  air-tight  fitting  of  the  piston  and  the 
valves,  it  is  not  used  for  withdrawing  water  from  wells  more  than  20  to  25 
feet  below  this  position  of  the  delivery  valve.  In  fact  such  a  pump  fre- 
quently requires  a  bucket  or  two  of  water  to  be  poured  into  it  above  the 
delivery  valve  in  order  to  make  it  work  at  all,  if  it  should  have  been  loft 
standing  for  some  time  without  being  worked. 


Belt-driven  Suction  Pump. 


BRLT-DR1VEN    SUCTION    PUMP.  393 

Belt-driven  Suction  Pump. — When  we  have  to  raise  a  consider- 
able quantity  of  water  during  a  long  time,  then  it  becomes  advisable 
to  apply  power  derived  from  some  prime  mover.  The  foregoing 
figure  illustrates  an  ordinary  suction  pump  driven  by  a  belt,  with 
fast  and  loose  pulleys,  crank  shaft,  and  connecting-rod.  Here  the 
suction  valve  and  the  piston  are  faced 
with  leather  or  india-rubber,  whilst  the 
bucket  valve  is  made  of  brass  and 
ground  to  fit  its  seat.  The  upper  por- 
tion of  the  pump  is  fitted  with  a  swivel  Lkathkr  Packing  fob 
head,  so  that  the  pulleys  may  be  placed  Piston  of  Suction  Pump. 
fair  in  line  with  the  driving  pullevs. 

Example  VI. — Given  two  simple  bucket  pumps,  each  having 
a  stroke  of  1  foot,  and  cross  area  of  bucket,  '-0  square  inches. 
Suppose  everything  perfectly  air  tight,  and  the  supply  pipe 
20  square  inches  area  in  one  case,  and  10  square  inches  area  in  • 
the  other.  Neglecting  friction,  you  are  to  compare  the  tensions 
on  the  pump  rods  at  ends  of  first  up  stroke  in  each  case,  suppos- 
ing the  bucket  to  be  24  feet  above  free  surface  of  the  water  in 
the  well  when  at  the  bottom  of  its  stroke.  The  supply  pipe 
reaches  to  the  under  surface  of  bucket  when  the  latter  is  at  the 
bottom  of  its  stroke. 

Answer.— 

Let  p  =  Pressure    in  lbs.  per  sg.  ft.  on    under  surface   of 
bucket  at  end  of  first  up  stroke. 
20 
.,    a  =  Area  of  bucket  =  -tj-  S(I«  fk 

„    /*  =  Height  of  water  barometer  =  34  ft. 

„   w  =  Weight  of  1  cub.  ft.  of  water  =  62^  lbs. 

„    x  as  Height  water  rises  in  suction  pipe  for  first  up  stroke. 

First  Case. — Lifting  or  suction  pipe  having  an  area  equal  to 
tfuU  of  the  bucket. 

Then  at  end  of  first  up  stroke,  we  get : — 

PrhHh!^  a!r  on. upper  *urJace  0/ } =  AtmotPherie  Pre*™re 

„  „  =  ahw  lbs (1) 

{Atmos.     j>re88ure 
of  water 
„  =  a  (h  -  x)  w. 

And,  p  =  (h-x)  w.    ....     (2) 
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Since  there  is  exactly  the  same  quantity  of  air  between  the 
bucket  and  the  surface  of  the  water  in  the  pipe  at  the  end  of 
the  stroke  as  there  was  before  the  stroke  com- 
JL\  menced,  we  may  apply  Boyle's  Law  to  determine 

4X  the  volume  of  air  under  the  bucket  at  end  of 

^  X  stroke. 

p  a  x  (25  -x)  =  ahwx  24. 

Substituting,  p  =  (A  -  x)w>  from  equation  (2), 
we  get : — 

(h  -  x)(25  -  x)-  24  A. 

Since,  h  =  34  ft.,  we  get,  by  substitution,  and 
multiplication : — 

x2  -  59  a  +  34  =  0. 

59  ±  57-i 


£ 


^m^ 


First  Cask. 


ft. 


The  minus  sign  in  the  numerator  of  the  fraction  on  the  right- 
hand  side  of  this  equation  is  the  only  one  admissible. 


1  -17 
jf  =  1  *    =  -58  ft  or  =  7  inches,  nearly. 
2 


Hence, 


_  ,         f  Press,  on  upper  surface  of  bucket 

Tension  in  pump  rod  =  |      _  Pret8PZun<dr  surface. 


=  ahw  -  a  (h  -  x) w  -  axw. 
20 


144 


•58  x  62-5  -  504  lbs. 


Second  Case. — Lifting  or  suction  jripe  having  an  area  equal  to 
half  that  of  the  bucket. 

The  symbols  denoting  the  same  quantities  as  before,  we  get:— 

Pressure  of  air  on  up)>er  surface  of  bucket  -ahw  lbs. 
Pressure  on  under  surface  of  bucket  —pa 

=  a(h-x)w. 

Vol.  of  air  between  bucket  and  surface  of  \ 
water  at  beginning  of  stroke      .         .   f 

=  \2acuh.ft. 
Vol.  of  air  between  bucket  and  surface  of  \ 
water  at  end  of  up  stroke  .         .         .  / 

-1(26-*)  a  ei*  ./i 


(3) 

(*> 

Ja  x  24 

1 2  a  cub.  j 

Jax  (24  -  x)  +  ax  1 
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.\     By  Boyle's  Law,  we  get  :— 

(h  -  x)w  x  \  (26  -  x)a  =  kw  x  12 a. 
Substituting  h  =  34,  and  simplifying,  we  get: — 
a2  -  60  a  +  68  =  0 

jr  =  115  ft.  or  =  13-8  inches,  nearly. 
Hence, 
Tension  in  pomp  rod  =  a  x  to. 
20 


144 


1-15x625  =  10  lbs. 


Air  Pomp. — The  figure  on  next  page  is  a  sectional 
elevation  and  outside  plan  of  the  air  pump  for  the 
1500  horse-power  compound  engines  of  the  S.S. 
"  St.  Rognvald,*'  which  are  fully  described  in  the 
Author's  Text-Book  on  Steam  and  Steam  Engines. 
During  the  up  stroke  of  the  pump  bucket  PB, 
condensed  steam  and  vapour  are  drawn  from  the 
surface  condenser  through  the  foot  valve  F  V,  into 
the  space  below  the  bucket,  whilst  any  water  and  Second  Cask. 
vapour  that  may  have  been  lying  above  it,  are 
forced  through  the  delivery  valves  D  V,  into  the  hot  well  H. 
During  the  down  stroke  of  the  bucket,  the  water  and  vapour 
below  it  pass  upwards  through  the  bucket  valves  B  V,  into  the 
space  left  by  the  descending  bucket  ;  at  the  same  time,  the  foot 
and  delivery  valves  automatically  close  on  their  seats.  These 
actions  take  place  in  succession  during  each  up  and  down  stroke 
of  the  air  pump-rod  APE,  which  passes  through  an  air-tight 
stuffing  box,  and  is  linked  to  the  piston-rod  crosshead  of  the  high- 
pressure  cylinder  by  short  connecting-rods  and  side  levers. 

The  object  of  placing  the  delivery  valves  on  the  top  of  the  air- 
pump  barrel  in  addition  to  the  ordinary  bucket  valves,  is  to  cause 
a  vacuum  to  be  produced  above  the  latter  during  the  down  stroke 
of  the  bucket,  and  thus  facilitate  their  opening,  as  well  as  to  give 
the  vapour  from  the  condenser  a  free  space  between  these  two  sets 
of  valves  into  which  it  can  expand. 

The  cast-iron  barrel  of  the  air  pump  is  lined  with  a  truly  bored 
br»»68  chamber  BCh*,  the  pump  bucket  is  rendered  tight  by  hemp 
rope  packing  H  P,  the  foot  valve  is  readily  inspected  or  removed 
by  unbolting  or  lifting  the  foot  valve  cover  FVC.  whilst  the 
*  hole  is  bolted  securely  to  the  surface  condenser  bracket  S  Oi  B, 
and  to  the  circulating  pump  bracket  0  Px  B. 
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Single-acting  Force  Pump. 
— The  upper  or  outer  end  of 
the  pump  barrel  P  B,  is  pro- 
vided with  a  stuffing-box  S  B, 
and  gland  G,  through  the  air- 
tight packing  of  which  the 
solid  pump  plunger  P  P, 
wot  ka.  During  the  up  or  out- 
ward stroke  of  the  plunger  a 
vacuum  is  created  in  the 
pump  barrel,  and  consequently 
air  is  expanded  into  it  from 
the  suction  pipe.  This  pipe  - 
is  attached  to  the  flange  of  the 
suction  valve-box.  During 
the  down  or  iuward  stroke 
the  suction  valve  S  V,  closes, 
and  the  pent- up  air  in  the 
barrel  is  forced  through  the 
delivery    valve    D  V.      This 
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action  goes  on  precisely  in  the  manner  just  explained  in  the 
rase  of  the  suction  pump,  until  the  water  rises  into  the  barrel. 
Then  the  inward  stroke  of  the  plunger  drives  through  the  delivery 
valve  to  any  desired  height  or  against  any  reason* ble  back  pres- 
sure, as  in  the  case  of  a  feed  pump  for  a  steam  boiler. 

Both   the   suction 
and    the   delivery  J 

valves  are  made  of 
brass,  and  fit  accu- 
rately into  their 
brass  seats.  The 
covers  to  the  valve 
chests  are  provided 
with  checks  Ch,  to 
prevent  the  valves 
ironi  rising  more 
than  the  distance  re- 
quired to  pass  the 
water  freely  through 
them.* 

The  eye  of  the 
plunger  may  be  at- 
tached to  a  connect- 
ing-rod actuated  by 
a  hand  lever,  as  in 
the  case  of  the  com- 
mon suction  pump, 
or  it  may  be  worked  from  an  eccentric  or  crank  revolved  by  a 
steam  engine  or  other  motor.  By  whichever  way  it  is  worke<l, 
the  force  applied  to  the  plunger  must  be  sufficient  to  overcome 
the  friction  between  the  plunger  and  the  packing,  the  resistance 
due  to  sucking  the  water  from  the  source  of  supply,  and  of  driving 
the  same  up  to  the  place  where  it  is  delivered. 

As  in  the  case  of  the  suction  pump,  the  water  is  only  delivered 
during  each  alternate  stroke  of  the  plunger,  and,  consequently,  in 
an  intermittent  or  pulsating  fashion. 

Very  often  three  pumps  of  this  kind  are  combined  in  one,  each 
plunger  being  driven  by  a  separate  crank  on  a  common  shaft,  and 
the  cranks  making  angles  of  120°  with  each  other.     Such  an 

*  If  </  be  the  diameter  of  the  bore  of  the  valve  seat,  »<nd  /*  the  required 
lift  of  the  valve  to  give  an  opening  equal  in  area  to  that  hore,  then  k  must 

be  quarter  of  d.     For  the  area  of  bore  =  -—  and  the  equivalent  area  of  the 


Single-acting  Forck  Pump. 


valve  opening  =  trdh. 


,    -7    =  trdh. 
4 


Or,A  = 
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arrangement  is  called  a  three-throw  pump,  and  gives  a  very  steady 
stream. 

Single-acting  Force  Pump  with  Ball  Valves. — The  following 
illustration  is  a  simple  modification  of  the  previous  one,  wherein 
ball  valves  are  substituted  for  the  common-circular  three  feathered 
type.  The  right-hand  side  forms  the  suction  and  the  left-hand 
the  delivery  side.     All  the  parts  are  made  extra  thick  and  strong 


Single-acting  Force  Pump  with  Ball  Valves. 

to  resist  shocks  and  vibrations,  and  most  of  the  bolt  holes  have  been 
cored  to  the  outside  of  the  flanges  for  the  purpose  of  facilitating 
rapid  connection  and  disconnection.  This  form  of  pump  is  much 
uspd  for  forcing  feed-water  into  steam  boilers,  <fcc. 

Force  Pump  with  Air  Vessel.— In  the  accompanying  figure  we 
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Force  Pump  with  Air  Vbsskl. 


have  an  illustration  of  a  force  pump  with  both  the  suction  and 
the  delivery  valves  placed  on  one  side  of  the  pump  barrel  and  then 
surmounted  by  an  air  vessel.  The  plunger,  instead  of  being  solid, 
as  in  the  previous  cases,  is  made  up  of  a  hollow  trunk  or  barrel, 
with  a  conn ec ting-rod  fixed  to  an  eye-bolt  at  its  lower  end. 

Action  of  the  Air  Vessel. — Dur- 
ing the  inward  or  delivery  stroke 
of  the  plunger  barrel  P  B,  part  of 
the  water,  which  is  forced  from 
the  barrel  B,  goes  up  through 
the  delivery  valve  D  V,  into  the 
delivery  pipe  D  P,  and  the  re- 
mainder enters  the  air  vessel  A  Y, 
and  consequently  compresses  the 
air  therein.  During  the  outward 
or  non-delivery  stroke  of  the  plun- 
ger the  compressed  air  in  the  air 
vessel  presses  the  rest  of  the  water 
into  the  delivery  pipe.  In  this 
simple  way  a  continuous  flow 
of  water  is  maintained  in  the 
delivery  pipe,  and  with  far  less 
shock,  jar,  and  noise  than  in  the 
previous  cases.  Where  very  smooth  working  is  required,  an  air 
vessel  is  also  put  on  to  the  suction  pipe  S  P.  Should  the  air  in  the 
air  vessel  become  eutirely  absorbed  by  the  water,  the  fact  will  be 
noticed  at  once,  by  the  noise  and  the  intermittent  delivery.  Then, 
the  pump  should  be  stopped,  the  air  cock  AC  opened,  and  the 
water  run  out.  When  the  air  vessel  is  again  full  of  air,  the  air 
cock  should  be  shut  and  the  pump  restarted. 

Continuous-delivery  Pumps  without  Air  Vessels. — A  fairly  con- 
tinuous delivery  of  water  may  be  obtained  by  making  the  plunger 
of  the  piston  form,  and  the  pump-rod  exactly  half  its  area ;  for 
here,  during  the  down  stroke,  half  the  water  expelled  by  the 
piston  P,  from  the  under  side  of  the  pump  barrel  goes  up  the 
delivery  pipe  D  P,  and  the  other  half  is  lodged  above  the  piston, 
to  be  in  turn  sent  up  the  delivery  pipe  during  the  up  stroke. 
Where  very  high  pressures  are  required,  such  as  in  the  filling  of 
an  accumulator  ram,  pumps  working  on  this  principle,  but  of  the 
following  form,  are  frequently  used.  The  action  is  precisely  the  same 
as  in  the  one  just  described,  and  the  same  index  letters  have  been 
used,  so  that  the  student  will  have  no  difficulty  in  understanding 
the  figure.  The  directions  of  motion  of  the  piston  and  of  the 
ingoing  and  outflowing  water  have  been  marked  by  straight  and 
feathered  arrows  respectively. 
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With  accumulators,  and  for  other  kinds  of  high-pressure  work, 
it  is  not  advisable  to  use  air  vessels,  because  you  cannot  prevent 
the  water  which  enters  them  absorbing  air  and  carrying  the  same 
with  it  to  the  hydraulic  machines  where  its  presence  would  be 
most  objectionable.     If  750  to   1000  or  more  lbs.  pressure  per 

square  inch  be  gener- 
ated, then  you  would 
require  a  very  large 
and  strong  air  vessel 
before  it  could  be  of  any 
service.  If  a  pressure  of 
only  750  lbs.  per  square 
inch  were  used,  then, 
since  the  normal  pres- 
sure of  the  atmosphere  is 
15  lbs.  per  square  inch, 
the  air  in  the  air  vessel 
would  be  compressed,  in 
accordance  with  Boyle's 
law,  to  nffa,  or-fo  of  its 
original  volume.  Conse- 
quently, with  an  air 
vessel  of  50  cubic  feet 
internal  capacity,  there 
would  be  only  1  cubic 
foot  of  air  in  it,  when  the 
pump  was  in  full  action* 
Double-acting  Force 
Pump.  —  The  pumps 
which  we  have  hitherto  considered  are  all  single-acting,  in  the 


Continuous-delivery  Force  Pump 
without  an  Air  Vessel. 


Continuous-delivery  Force  Pump  as  used  in  Connection  with 
the  Armstrong  Accumulator. 

sense   that   they  do  not  both  suck  and  discharge  water  during 
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each  stroke.  This  can,  however,  be  accomplished  by  having  two 
sets  of  suction  and  delivery  valves  placed  at  each  end  of  the  pump 
barrel,  as  shown  by  the  accompanying  figure.  Here,  during  the 
outward  stroke  of  the  piston  the  pump  draws  water  from  the 
source  of  supply  through  the  inlet  pipe  and  suction  valve  S  Vv 
while,  at  the  same  time,  the  piston  forces  water  in  front  of  it 
through  the  delivery  valve  D  V2,  and  outlet  pipe.  During  the 
inward  stroke,  suction  takes  place  through  S  V2  and  discharge 
through  D  Vv  all  as  clearly  shown  by  arrows  in  the  drawing. 


Double-acting  Force  Pump. 


The  valves  are  provided  with  india-rubber  cushions  I  It,  to  ease 
the  shock  and  minimise  the  jarring  noise  due  to  their  reaction 
and  natural  reverberation  when  they  are  suddenly  opened  and 
closed. 

Double-acting  Circulating  Pump. — The  following  figure  is  a 
sectional  elevation  and  plan  of  the  circulating  pump  for  the  same 
marine  engines  as  the  previously  described  air  pump.  During  the 
upstroke  of  the  piston  or  pump  bucket  P  B,  water  is  drawn  from 
the  sea  through  the  suction  pipe  S  P,  and  the  lower  suction  valves 
S  V,  into  the  lower  part  of  the  pump  chamber  P  Ch.  At  the 
same  time,  the  water  from  the  top  part  of  the  chamber  is  forced  up 
through  the  upper  delivery  valves  D  V,  along  the  circulating  water 
pipe  C  W  P,  into  the  surface  condenser  tubes,  and  from  thence  into 
the  sea.  During  the  down-stroke  of  the  piston,  the  water  which 
had  previously  entered  by  the  bottom  of  the  pump  chamber  is 
forced  through  the  lower  delivery  valves  D  V,  into  the  condenser 
tubes  and  sea,  and  at  the  Fame  time,  more  water  is  taken  into  the 
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Double-acting  Circulating  Pump 
for  a  Marine  Engine. 


top  part  of  the  pump 
chamber  from  the  sea 
through  the  upper  suc- 
tion valves  S  V.  These 
double  actions  take 
place  in  the  manner 
described  during  each 
stroke,  so  that  a  stream 
of  cold  water  is  kept 
flowing  through  the  con- 
denser tubes,  in  order  to 
maintain  a  vacuum  dur- 
ing the  exhaust  of  the 
steam  from  the  low- 
pressure  cylinder  on  to 
the  outside  of  the  cooled 
condenser  tubes. 

The  cast- iron  pump 
barrel  of  the  circulat- 
ing pump  is  lined  with 
a  truly  bored  brass 
pump  chamber.  The 
pump  piston  is  also 
made  of  brass,  and  is 
rendered  sufficiently 
water-tight  by  the 
simple  device  of  turn- 
ing three  grooves  in 
its  outer  cylindrical 
surface.  The  pump- 
rod  passes  through  a 
water-tight  gland  and 
stuffing-box,  and  is  con- 
nected to  the  recipro- 
cating piston-rod  cross- 
head  by  links  and  side 
levers,  in  the  same  way 
as  the  air  pump-rod. 
The  whole  is  securely 
bolted  to  the  surface 
condenser  and  air  pump 
brackets. 

Worthington  Steam 
Pump. — The  perspec- 
tive and  sectional  views 
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of  this  well-known  pump,  together  with  the  following  description, 
will  serve  to  explain  the  construction  and  action  of  one  of  the  best 
examples  of  the  duplex  class  of  steam  pumps  for  feeding  boilers, 
working  accumulators,  and  hoists.  It  is  termed  a  duplex  pump, 
from  the  fact  that  it  consists  of  two  steam  and  two  water  cylinders 
placed  side  by  side.  The  pumps  draw  water  from  the  suction  pipe 
S  P,  and  are  in  this  case  safeguarded  from  shock  on  the  suction 
side  by  an  air  vessel  S  A  V.  The  water  is  admitted  through  the 
suction  valves  S  Yv  S  V„,  at  each  stroke  respectively,  and  delivered 
by  the  valves  D  Yv  D  V 2,  into  the  discharge  pipe  D  P,  under  the 
smoothing  action  of  the  discharge  air  vessel  D  A  V. 


Vertical  Section  of  the  Worthington  Steam  Pump. 


The  steam  pistons  and  the  pump  plungers  are  directly  connected 
together  by  a  piston-rod,  and  give  a  swinging  motion  to  the  inter- 
mediate long  levers  L,  which  are  attached  by  two  separate  spindles 
to  two  shorter  levers  which  work  the  slide  valve  spindles.  When- 
ever one  of  the  steam  pistons  moves  towards  either  end  of  its  stroke 
the  other  piston  is  approaching  the  opposite  end  of  its  stroke,  and 
by  the  combination  of  levers,  piston-rods,  and  spindles  the  slide 
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valve  of  the  one  steam  cylinder  is  actuated  by  its  neighbour.  The 
slide  valves  have  neither  lap  nor  lead,  but  immediately  the  piston 
of  one  cylinder  covers  one  or  other  of  the  inner  exhaust  ports  the 
steam  in  that  cylinder  is  cushioned,  and  thus  the  pistons  are  pre- 
vented from  striking  their  cylinder  covers.  Each  piston  as  it 
reaches  the  end  of  its  stroke  automatically  waits  for  its  slide  valve 


Perspective  View  of  the  Worthinoton  Steam  Pump. 


to  be  moved  by  the  other  piston-rod  before  it  makes  a  return  stroke. 
By  this  arrangement,  the  pump  valves  have  time  to  close  properly 
on  their  seats,  and  a  natural  smooth  motion  of  the  whole  of  the 
working  parts  takes  place.  There  are  no  dead  points  in  this  form 
of  duplex  pump,  consequently  it  is  always  ready  to  be  started  either 
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by  the  opening  of  the  stop  valve  or  by  the  automatic  action  of  a 
float  connected  to  the. throttle  valve  by  a  chain  or  rope. 

Pulsometer  Pumps. — The  very  first  steam  pump,  which  was 
invented  by  Thomas  Savery  in  1698,  had  no  working  parts  except 
the  valves.  This  type  has  been  revived  for  certain  kinds  of  work  in 
pumps  of  the  pulsometer  class,  of  which  Bailey's  "  Aqua  ThrusterM 
is  a  good  example.  It  consists  of  two  long  chambers,  in  each  of 
which  there  is  a  valve  opening  upwards  at  the  bottom,  and  one 
opening  outwards  at  the  side.  At  the  top  junction  between  these 
two  chambers  there  is  a  flap  valve  which  can  put  either  in  com- 
munication with  a  steam  pipe  while  the  other  is  shut  off  therefrom. 

Now,  suppose  the  right-hand  chamber  to  be  full  of  water  while 
the  left  one  is  full  of  steam,  and  that  the  upper  valve  is  in  the 
position  shown.  Steam  will  enter  the  right-hand  chamber  and 
force  the  water  out  through  the  delivery  valve  at  the  side.  At 
the  same  time  the  steam  in  the  left  compartment  will  be  con- 
densing, and  water  will  therefore  rise  into  it  through  the  bottom 
valve,  provided  the  apparatus  be  not  too  far  above  the  free  surface 
of  the  water.  The  inertia  of  this  water  will  cause  it  to  continue 
in  motion  after  all  the  steam  is  condensed,  and  it  will  therefore 
compress  the  air  that  remains  to  a  sufficient  extent  to  shift  over 
the  valve  to  the  other  side.*  If  there  is  no  air,  then  the  water 
itself  will  strike  the  valve  and  knock  it  over  to  the  other  side. 
The  conditions  of  the  chambers  are  now  interchanged.  Water 
will  be  forced  out  from  the  left  one,  and  fresh  water  will  rise  into 
the  other,  and  the  process  begins  again. 

A  large  loss  occurs  in  this  kind  of  pump  through  the  conden- 
sation of  steam  during  the  down  stroke  of  the  water,  and  also 
owing  to  the  fact  that  the  steam  is  used  non-expansively.  To 
reduce  the  former  loss  little  cocks  open  into  the  top  of  the  cham- 
bers and  admit  a  little  air  during  the  time  there  is  a  vacuum 
inside.  This  air  prevents  the  steam  from  coming  so  quickly  into 
contact  with  the  water  as  it  otherwise  would  do,  and  thus  reduces 
the  loss  during  admission.     A  slight  escape  of  steam  takes  place 

*  This  :a  not  the  common  explanation  of  the  working  of  the  pulsometer 
valve.  It  is— "As  soon  as  the  water  is  lowe-ed  below  the  upper  surface  of 
the  delivery  valve,  steam  blows  through  with  some  violence  and  causes  a 
commotion  and  a  rapid  condensation  in  the  chamber.  The  valve  is  then 
drawn  to  the  right-hand  side. "  This  is  quite  wrong.  The  valve  can  only 
be  Bhifted  by  being  pushed,  owing  to  the  pressure  on  the  closed  side  becom- 
ing greater  than  that  on  the  other  side,  and  it  is  difficult  to  see  how  the 
Eressure  in  a  chamber  in  direct  communication  with  the  boiler  can  become 
»8  than  that  in  one  where  the  steam  is  already  all  condensed,  and  where 
the  pressure  is  considerably  below  that  of  the  atmosphere.     Besides,  it  is 

Srobable  that  in  steady  working  the  water  never  gets  as  low  as  the 
elivery  valves. 
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Pulsometer  Pump  by  W.  H.  Bailey  &  Co.,  Ltd.,  Manchester. 
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through  these  cocks,  as  they  are  always  kept  open ;  but  as  their 
bore  is  so  very  small,  the  loss  is  less  than  the  gain.  To  diminish 
the  latter  loss  an  extra  self-acting  valve,  called  the  "grel,"  has 
been  added  to  some  forms  of  pulsometer  with  the  intention  of 
cutting  off  the  steam  earlier,  and  then  using  it  expansively. 

Pumps  of  this  class  are  exceedingly  handy  for  dealing  with 
dirty  water  and  for  temporary  purposes  owing  to  their  simplicity, 
few  working  parts,  and  the  ease  with  which  they  can  be  erected. 
It  is  sufficient  to  suspend  them  by  a  chain  and  connect  them  by  a 
pipe  to  a  portable  boiler.  A  suction  pipe  projects  down  below  the 
water  surface,  and  a  flexible  hose  pipe  will  carry  off  the  discharged 
water.  The  full  page  illustration  shows  the  "  Aqua  Tb raster  "  in 
use  for  pumping  water  from  a  dock  during  its  construction. 

Roots'  Blower. — A  form  of  rotary  pressure  pump,  known  as 
Boots'  Blower,  is  used  for  obtaining  a  blast  of  air  at  a  moderate 


Two  Fobms  of  Roots'  Blower. 


pressure,  and  for  pumping  liquids.  Two  vanes  rotate  inside  a 
closed  casing,  and  sweep  the  fluid  round  with  them.  They  are 
connected  by  spur  wheels  outside  so  as  to  be  always  at  right 
angles  to  each  other,  and  they  have  such  a  shape  that  practically 
nothing  is  carried  backwards  at  the  central  part  of  the  machine. 
They  can  produce  a  higher  pressure  than  an  ordinary  blowing  fan, 
and  are  handier  for  many  purposes  than  a  blower  of  the  cylinder 
and  piston  type.  The  student  should  note  that  this  is  not  a 
centrifugal  pump  or  fan,  although  there  are  no  reciprocating  parts, 
but  simply  a  rotary  form  of  pressure  pump. 

If  a  fluid  be  forced  through  this  machine,  then  it  will  cause  the 
vanes  or  teeth  to  rotate ;  hence  it  will  work  as  a  motor,  and  there- 
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fore  it  is  a  reversible  machine.  Many  ingenious  attempts  have 
been  made  to  produce  economical  steam  engines  on  this  principle ; 
but  largely  owing  to  the  difficulty  of  keeping  them  tight,  they 
have  not  been  so  successful  as  their  sanguine  inventors  expected.* 
Bramah's  Hydraulic  Press.— This  useful  machine  was  invented 
by  Pascal,  but  he  could  not  make  the  moving  parts  water-tight. 
Braraah,  about  the  year  1796,  discovered  a  means  by  which  this 
difficulty  was  effectually  overcome ;  and  thus  the  instrument  has 
been  handed  down  to  us  under  his  name.  As  may  be  seen  from 
the  following  figure,  it  consists  of  a  single-acting  force  pump  in 
connection  with  a  strong  cylinder  containing  a  plunger  or  ram, 
which  is  forced  outwards  from  the  cylinder  through  a  tight  collar 
by  the  pressure  of  the  water  delivered  into  the  cylinder  from  the 
force  pump. 


^OBSESJ 


Vertical  Section  of  a  Small  Bramah  Hydraulic  Press. 

After  what  has  been  written  about  force  pumps,  we  need  not 
particularise  about  this  part  of  the  machine,  except  to  say  that 
the  suction  and  delivery  valve  boxes  at  S  V  and  D  V  can  be 
disconnected  from  the  pump,  and  the  valve  cover-checks  removed 
at  any  time  for  the  purpose  of  examining  the  parts,  or  of  regrinding 
the  valves  into  their  seats.  The  pump  plunger  P  P,  extends 
through  a  stuffing-box  and  gland  tilled  with  hemp  packing,  and  is 
guided  ly  a  centrally  bored  bracket  bolted  to  the  top  flange  of  the 

*  See  Lecture  XXXV.  for  Centrifugal  Pumps. 
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pump.  The  lever  L,  fits  through  a  slot  in  this  guide-bar,  whereby 
it  has  an  easy  free  motion,  when  communicating  the  force  applied 
through  it  to  the  pump  plunger.  The  relief  valve  RV,  has  a 
loaded  lever  so  adjusted  as  to  rise  and  let  the  water  escape  when 
the  pressure  exceeds  a  certain  amount.  It  may  also  be  used  for 
ascertaining  the  pressure  on  the  object  under  compression,  or  for 
lowering  the  ram  R,  by  simply  lifting  the  little  lever  and  pressing 
down  the  table  T,  when  the  water  flows  easily  from  the  ram 
cylinder  R  0,  by  the  delivery  pipe  D  P,  and  the  relief  valve.  The 
delivery  pipe  is  made  of  solid  drawn  brass,  and  the  ram  cylinder 
is  carefully  rounded  at  the  bottom  end,  instead  of  being  flat,  in 
order  that  it  may  be  of  the  strongest  shape.*  The  guide  pillars 
G  P,  are  securely  bolted  to  the  base  B,  and  to  the  top  cross  girder 
CG,  by  nuts  and  washers. 

The  cup  leather  packing  CL, 
deserves  special  attention,  because 
it  formed  the  chief  improvement 
by  Bramah  on  Pascal's  press.  It 
consists  of  a  leather  collar  of  fl 
section,  placed  into  a  cavity  turned 

Cross  Section  of  Ordinary       ?U^f*he  ne?k  °/uthe  P1™**' "d 

Leather  Packing.  kePfc   there    b7  the    gland   of   the 

cylinder  cover. 

This  collar  is  made  from  a  flat  piece  of  new  strong  well-tanned 

leather,  thoroughly  soaked  in  water,  and  forced  into  a  metal  mould 

of  the  requisite  size  and  shape  to  give  it  the  form  of  a  (J  collar. 

The  central  or  disc  portion  of  the  leather  is  then  cut  out,  and  the 

circular  edges  are  trimmed  up  to  a  sharp  bevel  as  shown. 

The  following  figure  shows  an  enlarged  section  of  Bramah's 
packiug  suitable  for  a  huge  press,  where  the  desired  shape  of  the 
leather  collar  L  C,  is  maintained  by  an  internal  brass  ring  B  R, 
and  an  outside  metal  guard  ring  G  R,  resting  on  a  bedding  of 
hemp  H.  It  will  be  observed  at  once,  from  an  inspection  of  this 
figure,  that  the  water  which  leaks  past  the  easy  fit  between  the 
plunger  or  ram  R,  and  the  cylinder  0,  presses  one  of  the  sharp 

*  In  the  case  of  large  cylinders  for  very  great  procures,  the  lower  or 
inner  end  of  the  cylinder  should  be  carefully  rounded  off,  both  inside  and 
outside.  For,  if  left  square,  or  nearly  square,  the  crystals  formed  in  the 
casting  of  the  metal  naturally  arrange  themselves  whilst  cooling  in  such  a 
manner  as  to  leave  an  initial  stress,  and  consequent  weakness,  inviting 
fracture  along  the  lines  joining  the  inside  to  the  outside  corners  of  the 
cylinder  end.  The  severe  shocks  and  stresses  to  which  this  weak  line  of 
division  is  subjected  during  the  working  of  the  press  would  sooner  or  later 
force  out  the  end  of  the  cylinder,  in  the  shape  of  the  frustum  of  a  cone, 
unless  the  cylinder  had  been  made  unnecessarily  thick  and  heavy  at  the 
bottom  end. 
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edges  of  the  leather  collar  against  the  ram,  and  the  other  edge 

against  the  side  of  the  bored  cavity  in  the  neok  of  the  cylinder, 

with   a   force  directly  proportional 

to  the  pressure  of  the  water  in  the 

cylinder.     By  this  simple  automatic 

action,  the  greater  the  pressure  in 

the   cylinder   the   tighter  does   the 

leather  collar  grip  the  ram  and  bear 

on  the  cylinder's  neck. 

Referring  again  to  the  figure  of 
the  Bramah  press,  by  taking  mo- 
ments about  the  fulcrum  at  F,  we 
obtain  the  pressure  Q,  on  the 
plunger  of  the  force  pump.  Neglect- 
ing weight  of  lever  and  friction,  we 
get  :— 

PxAF  =  QxBF. 

v*~       BF     ' 

Further,  we  know  that  the  statical 
pressure  Q,  is  transmitted  with  un- 
diminished force  to  every  correspond- 
ing area  of  the  cross  section  of  the 

ram.     Hence, 

Leather  Collar  for  a  Largh 

Q  :  W  : :  area  of  plunger  :  area  of  ram.  Hydraulic  Press. 

W  x  area  of  plunger  =  (j  x  area  of  ram. 
Or,  W  x  vf1  =  Q  x  tf-R2. 

Where  r  =  radius  of  plunger,  and  R  =  radius  of  ram,  both  in  the 
game  unit.  Substituting  the  previous  value  for  Q,  and  dividing 
each  side  of  the  equatiou  by  *-,  we  get : — 

P  x  AF 


W 


r2  = 


w  = 


BF 

P  x  A  F 

BF 


R2. 
R2 

X     -0     = 


x  AF       I)2 
BF       X  d*' 


Where   D   and   d  are   the   diameters   of  the  ram  and  plunger 
resj>ectively. 

Example  VII. — In  a  small  Bramah  press,  P  =  50  lbs.,  AF 
-=20  ins.,  B  F  =  2  ins.,  area  of  plunger  =  1  sq.  in.,  whilst  area  of 
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ram  =  14  sq.  ins.      Find  W,  neglecting  friction  and  weight  of 
lever. 

Answer. — By  the  above  formula : — 

^      P  x  A  F      R* 

w  =  50_xA0xH  =  70001bg 

Example  VIII. — In  Bramah's  original  press  at  South  Kensing- 
ton the  plunger  is  3  ins.  in  diameter,  and  it  acts  nt  a  distance  of  6  ins. 
from  the  fulcrum,  which  is  at  one  end  of  a  levor  10  ft.  3  ins.  long, 
carrying  a  loaded  scale-pan  at  the  other  end.  What  should  be  the 
pressure  of  the  water  in  the  press  in  order  to  lift  a  weight  of 
3  cwts.  in  the  scale-pan,  neglecting  the  weight  of  the  lever  f  Make 
a  diagram  of  the  arrangement.     (S.  and  A.  Exam.,  1892.) 

Answer.  —  Here   d  —  3   ins.,  consequently  the  area  of  the 

plunger  =  j  d*  =  *7854  x  3  x  3  =  7  sq.  ins.,  and  B  F  =  6  ins. ; 

A  F  =  10  ft.  3  ius.  =  123  ins. ;  P  =  3  cwts.  =  3  x  112  =  336  lbs. 
Now  we  have  to  find  the  pressure  per  sq.  in.  on  the  ram  that  will 
balance  P,  acting  with  the  stated  advantage,  since  the  area  of  the 
ram  is  not  given. 

By  the  above  formula : — 

w       P  x  AF      area  of  1  sq.  in.       336  x  123       1 
=       BF  area  of  plunger  **  6  7 

Or,  W  -  984  lbs.  per  sq.  in. 

Hydraulic  Flanging  Press.— As  an  example  of  the  practical 
application  of  the  Bramah  press  to  modern  boiler- making,  the 
accompanying  illustration  slows  the  form  which  it  takes  when 
used  for  flanging.  It  is  worked  by  a  high-pressure  water  supply 
derived  from  a  central  accumulator,  which  may  at  the  same  time 
be  used  to  work  cranes,  punching,  riveting,  and  other  similar 
machine  tools. 

The  operation  of  flanging  the  end  tube-plates  of  a  locomotive 
boiler  is  carried  out  in  the  following  manner : — The  ram  R  is 
lowered  to  near  the  bottom  of  the  hydraulic  cylinder  H  C,  in  order 
to  leave  room  to  place  the  heated  boiler  plate  on  the  movable  table 
T2.  High-pressure  water  is  then  admitted  from  the  central  ac- 
cumulator to  the  auxiliary  cylinders  AC,  thus  forcing  the  side 
rams  S  R,  with  their  table  T8,  and  the  plate  P  vertically  upwards, 
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until  the  upper  surface  of  the  plate  bears  hard  against  the  bearers 
B,  or  internal  part  of  the  dies.  Water  from  the  same  source  is 
now  admitted  into  the  hydraulic  cylinder  H  C,  and  forces  up  the 
ram  R  with  its  table  Tp  supporting  columns  SC,  and  the  external 


Large  Hydraulic  Press  for  Flanging  Boiler  Plater.* 

•  The  above  figure  is  a  reduced  copy  of  one  from  Prof.  Henry  Robinson's 
book  on  Hydraulic  Machinery,  published  by  Messrs.  Charles  Griffin  &  (Jo. 
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part  of  the  dies  D,  until  the  latter  has  quietly  and  smoothly  bent 
the  heated  edge  of  the  plate  round  the  curved  corner  of  the  inter- 
nal bearer  B.  The  ram  K  is  now  lowered,  carrying  with  it  the 
table  T,  and  dies  D,  by  letting  out  the  water  from  H  C.  Then 
the  table  T8  with  the  flanged  plate  is  lowered  by  letting  out 
water  from  A  C.  The  plate  is  removed  from  its  table,  allowed  to 
cool,  faced,  placed  in  position  in  the  barrel  of  the  boiler,  marked 
off  for  the  rivet  holes,  drilled,  rimed,  and  riveted  in  the  usual 
manner.  The  student  will  thus  understand  what  a  useful  and 
powerful  tool  a  hydraulic  press  is  to  the  engineer  in  the  hands  of  a 
skilful  workman  ;  for,  it  can  be  made  to  do  better  work  in  far  less 
time,  and  with  far  greater  certainty,  uniformity,  and  exactitude, 
than  the  boiler-smith  can  turn  out,  with  any  number  of  hammer- 
men to  help  him.  It  is  fast  replacing  the  steam-hammer  for 
creasing  work,  and  also  steam  or  belt-driven  punching  and  riveting 
machines,  tteam  cranes,  screw  and  wheel -gear  hoists,  as  well  as 
the  screw  press  for  making  up  bales  of  goods. 

Hydraulic  Jack. — This  is  a  combined  force  pump  and  hydraulic 
press  arranged  in  such  a  compact  form  as  to  be  readily  portable, 
and  applied  to  lifting  heavy  weights  through  short  distances.  It 
therefore  effects  the  same  objects  hs  the  screw-jack,  but  with  leas 
manual  effort  and  with  greater  mechanical  advantage. 

The  base  on  which  the  jack  rests  is  continued  upwards  in  the 
form  of  a  cylindrical  plunger,  so  as  to  constitute  the  ram  of  the 
hydraulic  cylinder  H  C.  Along  one  side  of  this  ram  there  is  cut  a 
grooved  parallel  guide  slot  G  S,  into  which  fits  a  steel  set  pin, 
screwed  through  the  centre  of  a  nipple  cast  on  the  side  of  the 
cylinder  (not  shown  in  the  drawings)  for  the  purpose  of  guiding 
the  latter  up  and  down  without  allowing  it  to  turn  round.  The 
top  of  the  ram  has  bolted  to  it  a  water-tight  cup  leather  C  L,  by 
means  of  a  large  washer  and  screw-bolt. 

The  action  of  this  cup  leather  is  precisely  the  same  as  the 
leather  collar  in  the  cylinder  of  the  Bramah  press  already  de- 
scribed; but  it  has  only  to  be  pressed  by  the  water  in  one  direction 
— viz.,  again 8 1  the  sides  of  the  truly-bored  cast-steel  cylinder, 
instead  of  against  both  the  ram  and  the  cylinder  neck,  as  in  the 
former  case.  The  head  H  and  upper  portion  of  the  machine  is 
of  square  section,  and  is  sciewed  on  to  the  hydraulic  cylinder  in 
the  manner  shown  by  the  figure.  It  contains  a  water  reservoir 
W  R,  which  may  be  filled  or  emptied  through  a  small  hole  by 
taking  out  the  screw  plug  S  P.*     In  the  centre  line  of  the  head- 

*  This  screw  plug  S  P  is  slackened  hack  a  little  to  let  the  air  in  or  out 
of  the  top  of  the  water  reservoir  when  working  the  jack.  Thtre  is  gene- 
rally another  and  separate  screw  plug  opening  for  filling  or  emptying  the 
water  reservoir,  quite  independent  of  the  above-mentioned  one,  which  is 
used  in  this  case  for  both  purposes. 
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PLAN  OFXY 
The  Hydraulic  Jack. 


2 
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piece  there  is  placed  a  small  force  pump,  the  lower  end  of  which 
is  screwed  into  the  centre  of  the  upper  end  of  the  hydraulic  cylin- 
der. This  pump  is  worked  by  the  up-and-down  movement  of  a 
handle  placed  on  the  squared  outstanding  end  of  the  turned  crank 
shaft  C  S.  To  the  centre  of  the  crank  shaft  there  is  fixed  a  crank 
C,  which  gears  with  a  slot  in  the  force-pump  plunger  P,  and  thus 
the  motion  of  the  handle  is  communicated  to  the  pump  plunger. 
By  comparing  the  right-hand  section  of  the  water  reservoir,  and 
the  section  on  the  line  A  B,  with  the  vertical  left-hand  section  of 
the  jack,  it  will  be  seen  where  the  inlet  and  delivery  valves  I  V 
and  D  V  are  situated.  On  raising  the  pump  plunger  P,  water  is 
drawn  from  W  R  into  the  lower  end  of  the  pump  barrel  through 
I  V,  and  on  depressing  the  plunger  this  water  is  forced  through 
the  delivery  valve  D  V,  into  the  hydraulic  cylinder,  thus  causing  a 
pressure  between  the  upper  ends  of  the  cylinder  and  the  ram,  and 
thereby  forcing  the  cylinder,  with  its  grooved  head  H,  and  foot- 
step S,  upwards,  and  elevating  whatever  load  may  have  been 
placed  thereon.  Both  the  inlet  and  outlet  valves  are  of  the  kind 
known  as  "  mitre  valvea"  They  have  a  chamfer  cut  on  one  or 
more  parts  of  their  turned  spindles,  so  as  to  let  the  water  in  and 
out  along  these  channels.  The  valves  are  assisted  in  their  closing 
action  by  small  spiral  springs  S  S,  bearing  in  small  cups  or  hollow 
centres,  as  shown  more  clearly  in  the  case  of  D  V  by  the  enlarged 
section  on  A  B. 

When  it  is  desired  to  lower  the  jack,  the  relief  valve  RV  is 
screwed  back  and  the  water  is  thus  allowed  to  be  forced  up  again 
into  W  R. 

Example  IX. — Mr.  Croydon  Marks,  in  his  book  on  Hydraulic 
Machinery,  illustrates  and  describes  another  method  of  loweriog 
the  jack-head  (first  introduced  by  Mr.  Butters,  of  the  Royal 
Arsenal,  Woolwich),  where,  by  a  particular  arrangement,  the  inlet 
and  delivery  valves  are  acted  upon  by  an  extra  depression  of  the 
handle,  and  consequent  movement  of*  the  pump  plunger.  He  also 
gives  the  main  dimensions,  with  a  drawing,  of  the  standard  4-ton 
pattern  as  used  by  the  British  Government,  where  the  ram  has  a 
diameter  D  =  2  ins.,  the  pump  plunger  a  diameter  d  =  1  in. ;  and  the 
ratio  of  the  leverage  of  the  handle  to  the  crank  is  16  to  1.  There- 
fore, from  the  previous  formula  we  find  that : — 

mi    mi         •    7  AJ  w      AF      D*      16      22      64 

The  Theoretical  Advantage  —  —  =  ^  „  x  -  2  =       *  12  ~  T* 

And  he  instances  two  trials  by  Mr.  W.  Anderson,  the  Inspector- 
General  of  Ordnance  Factories,  to  determine  the  efficiency  of  these 
jacks,  where,  with  a  pressure  on  the  end  of  the  working  handle  of 
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76  lbs.,  the  theoretical  load  should  have  been  76  lbs.  x  theoretical 
advantage  =  76  x  64  =  4,864  lbs.,  instead  of  which  it  was  only 
3,738  lbs.  :— 

4,864  lba  :  3,738  lbs.  :  100  :  x. 

~  3,738  x  100      __  *    «  , 

Or,         x  =    '   4g64 —  -  77  per  cent,  efficiency. 

In  a  second  trial,  a  load  of  1,064  lbs.  required  a  pressure  of 
22  lbs.  on  the  handle,  and  consequently  the  efficiency  at  this 
lighter  load,  as  might  be  expected,  was  less,  or  only  74  per  cent. 

Example  X. — With  a  hydraulic  jack  of  the  dimensions  given 
above,  and  of  77  per  cent,  efficiency,  it  is  desired  to  lift  a  load  of 
4  tons;  what  force  must  be  applied  to  the  lever  handle? 

Answer. — By  the  previous  theoretical  formula  : — 

W  -  P  x  AF      5! 

BF       X  d* 

_      W  x  BF       d? 

P .  „      x 


AF  D* 

4  x  2,240  x  1       1* 


«  140  lbs. 


"  16  2* 

But  the  efficiency  of  the  machine  is  only  77  per  cent.,  consequently 
140  lbs.  is  77  per  cent,  of  the  force  required : — 

77  :  100  : :  140  lbs.  :  x  lbs. 

140  x  100      ,01  0,  „ 
x  = »- =  181-81  lba. 

Example  XI. — Show,  with  the  aid  of  sectional  sketches,  the 
construction  of  the  ordinary  hydraulic  lifting  jack.  If,  in  such 
a  machine,  the  mechanical  advantage  of  the  lever  or  handle  is 
12  to  1,  and  the  dia-i.eter  of  the  lifting  ram  is  2  inches,  while 
the  diameter  of  the  plunger  is  \  of  an  inch,  what  weight  can  be 
lifted  theoretically  when  a  pressure  of  50  lbs.  is  applied  to  the 
lever  handle  %    (S.  <fc  A.  Exam.,  189 1 .) 

Answer. — The  hydraulic  jack  has  been  fully  described  and 
illustrated  in  this  lecture. 

Let  D  =  Diameter  of  ram  «=  2  inches. 
,,      d=  „  plunger»  |  inch. 

„     n  —  Mechanical  advantage  of  lever  =  12  :  1. 
„     P  «  Effort  applied  at  end  of  lever  =  50  lbs. 
„   W  ■=  Weight  raised. 
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If  Q  denotes  the  pressure  on  the  plunger,  caused  by  the 
effort  P  applied  at  the  end  of  the  lever,  then  : — 


Bui, 


Q  =  Pn. 

W        area  of  ram        D2 
Q     area  of  plunger     d%* 

_W     D« 
Pn~d2* 


This  is  a  formula  giving  the  relation  between  VV,  P,  n,  D, 
and  d,  which  is  also  true  for  the  hydraulic  press. 

Substituting  the  above  values  in  this  formula,  we  get: — 

W  22 


50x12     (J)2' 

W  »  3,134  lbs.,  or  =  1*4  tons,  nearly. 

Hydraulic  Bear. — This  is  another  very  useful  application  of  the 
hydraulic  press  and  force  pump.  It  is  used  in  every  shipbuilding- 
yard  and  bridge-building  works.  By  comparing  the  drawing  with 
the  index  to  parts,  it  may  be  seen  that  its  construction  and  action 
are  similar  to  the  hydraulic  jack  just  described  in  full  detail,  and 
we  need  say  nothing  more  than  direct  the  student's  attention  to 
the  action  of  the  raising  cam,  and  to  the  means  by  which  the  appa- 
ratus is  lifted  and  suspended.  In  order  to  raise  the  punch  P,  for 
the  admittance  of  a  plate  between  it  and  the  die  D,  the  relief 
valve  It  V,  must  first  be  turned  backwards,  and  the  lever  L, 
depressed.  This  causes  the  corner  of  the  raising  cam  R  C,  to  force 
the  hydraulic  ram  H  R,  upwards,  and  the  water  from  the 
hydraulic  cylinder  H  0,  back  into  the  water  reservoir  W  R.  The 
relief  valve  R  V,  may  now  be  closed  and  the  plate  adjusted  in 
position.  Then  the  pump  lever  P  L,  can  be  worked  up  and  down 
until  the  punch  P,  is  forced  through  the  plate,  and  the  punching 
dro])8  through  the  die  hole  D.  in  the  metal  frame  M  F,  to  the 
ground,  or  into  a  pail  placed  beneath  to  receive  it. 

The  whole  bear  is  suspended  by  a  chain  (worked  by  a  crane  or 
other  form  of  lifting  tackle)  attached  to  a  shackle,  whose  bolt 
passes  through  a  cross  hole  in  the  back  of  the  metal  frame  M  F, 
just  above,  but  a  little  to  the  front  of,  the  centre  of  gravity  of  the 
machine.  This  hole  and  shackle  are  not  shown  in  the  drawing, 
but  the  student  can  easily  understand  that  the  hole  would  be 
bored  a  little  above  where  the  letters  R  C,  appear  on  the  side  view, 
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and  that  the  chain  would  pass  clear  of  the  pump  lever,  since  this 
works  well  to  the  right-hand  side  of  the  bear. 


CiT 


Side  View  and  Section.  End  View  and  Section. 

The  Hydraulic  Bear,  or  Portable  Punching  Machine. 


Index  to  Parts. 


P  L  represents  Pump  lever. 


CS 
C 

PP 
WR 

IV 
DV 
RV 


Crank  shaft. 
Crank. 

Pump  plunger. 
Water  reservoir. 
Inlet  valve. 
Delivery  valve. 
Relief  valve. 


H  C  represents  Hydraulic  cylinder. 

C  L  ,,  Cup  leather. 

H  R  ,,  Hydraulic  ram. 

RC  ,,  Raisins  cam. 

L  ,,  Lever  For  RC. 

P  „  Punch. 

D  ,,  Die  ring 

MF  .,  Metal  frame. 


Lead-covering  Gable  Press.  —  Hydraulic  presses  are  now 
employed  for  making  lead  pipes,  and  for  covering  electric  light 
cables  with  a  close-fitting  tube  of  lead.  For  the  former  purpose 
the  lead  is  heated  until  it  is  nearly  melted  in  a  strong  chamber 
from  which  it  is  forced  by  rams  to  squirt  through  a  die  at  the  top 
of  the  machine.  A  mandrel  projects  into  the  centre  of  the  die, 
and,  consequently,  the  lead  issues  as  a  continuous  tube. 

The  accompanying  figure  illustrates  a  press  for  covering  electric 
oables  with  lead  in  this  manner,  as  carried  out  by  Messrs.  Siemens 
Brothers,  at  their  Woolwich  works.  It  consists  essentially  of  a 
receiver  in  which  two  rams  work,  and  which  contains  a  mandrel 
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and  matrice.  The  lead  is  melted  in  the  melting  pot  at  the  top  by 
gas  or  petroleum,  and  is  then  poured  into  the  receiver  below. 

The  cable  enters  at  one  side  of  the  receiver,  and  passes  through 
the  mandrel  and  leaves  at  the  other,  while  as  soon  as  the  rams 
begin  to  force  their  way  into  the  receiver,  the  lead  casing  is  formed 
round  the  cable. 

The  matrice  can  be  so  nicely  adjusted  by  means  of  steel  cones, 
that  a  lead  casing  of  perfectly  uniform  thickness  of  a  fraction  of  a 
millimetre,  can  be  obtained.     An  excellent  feature  of  this  press  is, 


Press  fob  Covering  Cables  with  Lead,  by  Fried.  Krupp  Grusonwerk, 

Germany. 


that  it  possesses  two  rams  which,  by  distributing  the  pressure  more 
uniformly,  ensure  a  more  regular  casing  than  is  possible  with  only 
one,  as  is  usually  the  case.  The  two  rams  are  connected  together 
by  an  adjusting  apparatus  so  that  they  will  both  move  forward  at 
the  same  rate.  The  mandrels  and  matrices  can  easily  be  changed 
to  suit  cables  whose  diameters  range  from  £  in.  to  2}  ins. 
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Hydraulic  Accumulator. — The  demand  for  hydraulic  power  to 
work  elevators,  cranes,  swing  bridges,  dock  gates,  presses,  punching 
and  riveting  machines,  Ac,  being  of  an  intermittent  nature — at 
one  moment  requiring  a  full  water  supply  at  the  maximum  pres- 
sure, and  at  another  a  medium  quantity,  whilst  in  many  cases  all 
the  machines  may  be  idle — it  is  evident  that  if  an  engine  with 
pumps  were  devoted  to  supplying  this  demand  in  a  direct  manner, 
the  power  thereof  would  have  to  be  equal  to  the  greatest  require- 
ments of  the  plant,  and  would  have  to  instantly  answer  any  and 
every  call  from  the  same.  In  the  case  of  a  low-pressure  supply,  as 
for  lifts,  this  difficulty  is  best  overcome  by  placing  one  tank  in  an 
elevated  position  at  the  top  of  the  hotel  or  building  where  the  lift 
is  required,  and  another  tank  below  the  level  of  the  lowest  flat. 
Then  a  small  gas  engine  working  a  two  or  three-throw  pump,  or  a 
Worthington  duplex  steam  pump,  may  be  used  to  elevate  the 
water  more  or  less  continuously  from  the  lower  to  the  higher  tank. 
The  "  head  "  of  water  in  the  elevated  tank  will,  if  sufficient,  work 
the  lift  at  the  required  speed,  and  the  discharged  water  from  the 
hydraulic  cylinder  will  enter  the  lower  tank,  to  be  again  sent 
round  on  the  same  cycle  of  operations.  Should  the  lift  be  stopped 
for  any  considerable  time,  then  a  float  in  the  upper  tank,  connected 
by  a  rope  or  chain  with  the  shifting  fork  for  the  belt-driven  pumps 
(in  the  case  of  the  gas  engine)  will  force  the  belt  over  on  to  the 
loose  pulley,  or  shut  off  the  steam  from  the  Worthington  pump. 
And  when  the  water  falls  in  the  upper  tank,  the  float  will  cause  a 
reverse  movement  of  the  rope  and  shift  the  belt  to  the  tight  pulley, 
or  open  the  steam  valve,  and  so  start  the  pumps. 

When  the  pressures  required  are  great,  such  as  for  cranes,  &c, 
where  700  lbs.  on  the  square  inch  is  considered  a  very  medium 
pressure,  an  elevated  tauk  would  be  out  of  the  question,  for  it 
would  have  to  be  fully  1600  feet  high  in  order  to  exert  this  force 
and  to  overcome  friction.  Under  these  circumstances  recourse  is 
had  to  a  very  simple  and  compact  arrangement  called  an  accumu- 
lator, of  which  we  here  give  a  lecture  diagram,  without  any 
details  of  cocks  or  valves,  and  automatic  stopping  and  starting 
gear.  A  steam  engine,  or  other  motor,  works  a  continuous  delivery 
pump,  of  the  combined  piston  and  plunger  type,  without  au 
air  vessel,  as  already  illustrated  in  this  lecture.  The  water  from 
the  pump  enters  the  left-hand  branch  pipe  leading  into  the 
foot  of  the  accumulator  cylinder,  and  forces  up  the  accumulator 
ram  with  its  crosshead  or  top  T-piece  and  the  attached  weight  or 
dead  load,  until  the  ram  has  reached  nearly  to  the  end  of  its  stroke. 
Then  the  top  of  the  T-piece,  or  a  projecting  bracket  on  the  side  of 
the  wrought-iron  cylinder  containing  the  dead  load,  engages  with 
and  lifts  a  small  weight  attached  to  a  chain  passing  over  a  pulley 
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fixed  to  the  guide  frame  or  to  the  wall  of  the  accumulator  house. 
This  chain  is  connected  directly  to  the  throttle  valve  of  the  steam 
supply  pipe,  or  to  the  belt-shifting  gear  if  the  pump  is  driven 
by  belt  gearing,  and  being  provided  with  a  counter-  weight, 
the  motor  and  pump  are  automatically  stopped  by  the  raising  of 
the  weight  and  the  chain  in  the  accumulator  house.     Should  the 

water  which  has  been  forced 
into  the  accumulator  cylinder 
be  now  used  by  a  crane  or 
other  machine,  the  load  on 
the  ram  causes  it  to  follow  up 
and  keep  a  constant  pressure 
on  the  water.  The  starting 
weight  falls  as  the  receding 
T-pieoe  or  bracket  descends, 
and  thus  pulls  the  starting 
chain,  and  opens  the  steam 
engine  throttle  valve,  or  shifts 
the  belt  from  the  loose  to  the 
fixed  pulley,  and  again  sets 
the  pump  to  work.  Should 
the  hydraulic  machines  be 
working  continuously,  then 
the  pump  is  kept  going,  for 
the  water  from  it  passes 
directly  on  to  the  machines, 
and  only  the  surplus  water 
finds  its  way  into  the  accumu- 
lator cylinder  if  the  pump's 
supply  exceeds  the  demand  of 
the  machines  for  water. 

The  annular  cylinder  of 
wrought  iron  is  generally  filled 
with  scrap  iron,  iron  slag, 
sand,  or  other  inexpensive 
heavy  material.  The  accumu- 
lator cylinder  A  0,  has  a 
stuffing-box  and  gland  at  its 


I 


FROM 
PUMP 


C 


TO 

Crane 


The  Hydraulic  Accumulator, 

Index  to  Parts. 
A  C  for  Accumulator  cylinder. 


AP 
W 


Accumulator  plunger  or  ram. 

Weight  or  load  contained  in  an 
annular  cylinder  of  wrought 
iron  and  suspended  from  the 
top  of  T-pi©ce  or  crosshead. 


upper  end.  A  coil  of  hemp  woven  into  a  firm  rectangular  section 
and  smeared  with  white  lead  is  placed  in  the  bottom  of  the 
stuffing-box.  The  gland  is  screwed  down  on  the  top  of  this  packing 
until  at  the  normal  pressure  the  water  in  the  cylinder  cannot  leak 
past  it  Cup  leather  packing  is  seldom  used  for  this  simple  form 
of  accumulator;  just  the  ordinary  packing  that  would  be  used  for 
pump  rods  is  found   to  answer  all  requirements.     This  is  the 
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simplest  form  of  accumulator  which  we  have  here  described,  but 
other  forms  will  be  illustrated  in  the  next  lecture. 

Example  XII. — Describe  and  sketch  in  section  an  hydraulic 
accumulator,  showing  how  the  ram  is  kept  tight  in  the  cylinder. 
An  hydraulic  press,  having  a  ram  16  inches  in  diameter,  is  in  con- 
nection with  an  accumulator  which  has  a  ram  8  inches  in  diameter 
and  is  loaded  with  50  tons  of  ballast ;  what  is  the  total  pressure 
on  the  ram  of  the  press?     (S.  <fc  A.  Exam.,  1892.) 

Answer. — The  first  part  of  the  question  is  answered  by  the 
previous  figure  and  by  the  text. 

By  Pascal's  Law  the  pressure  per  square  inch  in  the  accumulator 
is  equal  to  the  pressure  per  square  inch  in  the  hydraulic  press. 
Consequently  : — 

Total  Pressure  on  Press  Gross  Area  of  Press  Ram 


Total  Load  on  Accumulator     Cross  Area  of  Accumulator  Bam 


_>      50  x  16  x  16       rtAAx 
P  = g-^-g =  200  tons. 

Hydraulic  Cranes. — Another  very  common  application  of 
hydraulic  power  is  the  working  of  cranes  for  handling  goods  at 
wharves,  warehouses,  or  railway  depots,  and  we  illustrate  a 
simple  one  for  the  latter  purpose  In  this  crane,  the  lower 
part  of  the  pillar  forms  the  cylinder  for  a  rain  H  R,  which  carries 
a  pulley  M  P,  at  its  upper  end  and  is  actuated  by  the  water 
pressure.  A  chain,  fastened  at  one  end  to  the  crane  pillar,  passes 
over  this  pulley  and  then  round  two  fixed  ones  F  P,  before  going  to 
the  jib  pulley.  Hence,  when  the  ram  is  forced  up,  the  chain  will 
be  pulled  up  twice  as  far.  A  small  slide  valve,  actuated  by  the 
handle  V  H,  controls  the  supply  of  water  to  the  hydraulic 
cylinder.  By  means  of  this  valve,  the  cylinder  is  put  into 
communication  with  either  the  pressure  or  the  exhaust  pipe,  or  it 
may  be  cut  off  from  both.  The  weight  of  the  ram  and  load 
attached  to  the  hook  H,  are  utilised  to  drive  out  the  water  on  the 
return  stroke. 

Hydraulic  Wall  Crane. — Our  next  figure  shows  a  crane  on  the 
same  principle  fixed  to  the  wall  of  a  warehouse  or  shed.  In  this 
case,  however,  the  motion  of  the  ram  is  magni6ed  eight  times  by 
placing  four  pulleys  side  by  side  on  the  end  of  the  large  ram  which 
here  moves  downwards.     The  slewing  of  this  crane  is  also  accom- 
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J  for  Jib, 

P    „    Pillar. 


TR 
V  II 
FP 

air 

HR 


Stay. 
Tension-rod. 

Valve  hand  If. 
Fixfd  pnlk'vfl. 
Aiming  pulleys. 
Hydrauljo  cylinder, 

Hydraulic  ram. 


Hydraulic  Crane. 


HYDRAULIC  WALL  CRANE. 
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HrDjuuuu  Wall  Ceane, 
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HYDRAULIC  CAPSTAN. 
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Hydraulic  Capstan  by  W.  H.  Bailey  &  Co.,  Ltd.,  Manchester 
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Lecture  XXXIII.— Questions. 

1.  One  side'of  a  reservoir  has  a  slope  of  12  vertical  to  5  horizontal ;  what 
is  the  whole  amount  of  the  pressure  of  the  water  against  50  feet  of  its 
length,  when  the  depth  of  the  water  is  12  feet  ?    Am.  243,750  lbs. 

2.  In  an  empty  dock  the  water  is  level  with  the  sill  at  the  lowermost 
edge  of  the  dock,  gate,  the  level  of  the  water  on  the  opposite  side  of  the 
gate  being  10  feet  above  the  silL  The  dock  gate  is  10  feet  wide,  find  the 
pressure  in  pounds  on  the  dock  gate.  If  the  water  were  at  a  level  of  5  feet 
in  the  dock,  the  level  outside  being  the  same  as  before,  how  much  would 
the  pressure  on  the  gate  be  relieved?    Ann.  31,250  lbs. ;  7,812*5  lbs. 

3.  State  Archimedes'  principle.  A  cylindrical  can  is  6  inches  in  diameter 
and  30  inches  deep,  ana  is  required,  when  empty,  to  stand  in  a  bath  of 
water  30  inches  deep  without  being  lifted  up.  To  what  weight  must  the 
can  be  loaded,  the  weight  of  a  cubic  foot  of  water  being  62$  lbs.  ?  Arts. 
30  679  lbs. 

4.  A  rectangu'ar  tank,  4  feet  square,  is  filled  with  water  to  a  height  of  3 
feet.  A  rectangular  block  of  wood,  weighing  125  lbs.,  and  having  a  sec- 
tional area  of  4  square  feet,  is  placed  in  the  tank,  and  floats  with  its  sides 
vertical  and  with  this  section  horizontal.  How  much  does  the  water  rise 
in  the  tank,  and  what  is  now  the  pressure  on  one  vertical  side  of  the  tank  ? 
Ann.  2  inches ;  1,263  lbs. 

5.  The  total  force  in  the  direction  of  the  motion  of  a  piston  is  the  cross- 
sectional  area  of  the  cylinder  multiplied  by  the  pressure.  Why  is  this  so, 
the  piston  not  having  a  plane  surface  ?    (S.  &  A.  Adv.  Exam.,  1898.) 

6.  An  escape  valve,  loaded  partly  by  a  weight  and  partly  by  a  spring, 
is  fitted  to  a  main  conveying  water  under  pressure,  and  is  required  to  open 
automatically  when  the  water  pressure  rises  above  a  certain  amount. 
Sketch  and  describe  the  construction  of  such  a  valve  when  arranged  on  the 
double  beat  principle,  and  explain  clearly  the  hydrostatic  principle  in- 
volved therein. 

7.  Prove  that  when  a  thin  spherical  shell  is  exposed  to  the  bursting 
pressure  of  gas  or  liquid  the  stress  in  the  material  is  half  as  great  as  that 
within  the  curved  surface  of  a  thin  cylindrical  shell  exposed  to  the  like 
pressure,  each  shell  being  of  the  same  thickness  and  diameter. 

8.  Sketch  a  combined  plunger  and  bucket  pump  with  index  of  parts*  ex- 
plaining its  use  and  action,  also  sketch  its  application  to  the  lifting  of 
water  from  deep  mines.  Suppose  a  pump  raises  5,000  gallons  every  half 
minute  from  a  depth  of  600  feet  with  30  per  cent,  loss  in  system,  what  is  the 
horse-power  required ?    Ans.  1, 874  H. P. 

9.  Describe  a  force  pump  for  supplying  water  to  the  accumulator  of 
hydraulic  cranes.     Sketch  a  section  through  the  plunger  and  valves. 

10.  Sketch  and  describe  a  force  pump  having  a  solid  plunger,  showing  the 
construction  of  the  valves.  The  diameter  of  the  plunger  is  24  inches,  and 
it  is  driven  by  a  crank  2  inches  in  length  making  30  revolutions  per  minute. 
Find  the  cub.  ins.  of  water  pumped  in  5  minutes.    Ans.  2,945  cub.  ins. 

1 1 .  Describe  and  illustrate  by  a  longitudinal  section,  and  such  other  views 
as  may  be  necessary,  the  construction  and  action  of  a  double-acting  pump 
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and  its  valves,  supposing  the  pump  cylinder  to  be  of  3(  inches  internal 
diameter,  and  to  work  at  a  pressure  of  700  lbs.  per  square  inch.  Of  what 
materials  would  the  several  parts  be  constructed  ? 

12.  A  vertical  single-acting  pump  has  to  elevate  water  50  fathoms.  The 
bore  of  the  pump  is  6  inches ;  stroke,  ft  feet ;  number  of  up  strokes,  10  per 
minute.  Find  (a)  the  pressure  per  square  inch  on  the  pump  backet  when 
it  is  at  the  bottom  of  its  stroke  ;  (b)  the  weight  of  water  discharged  per 
minute;  (c)  the  horse-power  of  the  engine  required  to  drive  the  pump, 
supposing  30  per  cent,  of  the  engine-power  to  be  lost  by  friction,  &c. 
Sketch  an  arrangement  of  the  kind.  Ans.  (a)  130*28  lbs.  per  square  inch ; 
(6)  73631  lbs.;  (c)  9  56  fl.  P. 

13.  Give  any  method  with  which  you  are  acquainted  whereby  the  valves 
in  a  pumping  engine  may  be  relieved  from  the  shock  due  to  the  inertia  of 
the  water  in  the  mains. 

14.  A  pump  for  exhausting  air  from  a  receiver  has  a  solid  piston  and  one 
valve  in  the  casing.  Describe,  with  a  sketch,  the  construction  of  the 
pump,  and  explain  the  nature  of  the  improved  form  known  as  Sprengel's 
pump,  where  a  small  portion  of  mercury  forms  the  piston,  and  no  valve  is 
required. 

15.  Describe  and  show,  with  the  aid  of  necessary  sketches,  the  construc- 
tion of  the  •*  Pulsometer."  Describe  how  it  works,  and  indicate  the 
contrivances  introduced  to  promote  the  steady  flow  of  water  and  to  prevent 
sudden  shocks  upon  the  apparatus.  Is  the  pulsometer  an  economical 
arrangement  for  raising  water  ?  Give  reasons  for  your  answer.  What,  if 
any,  are  its  advantages  over  the  ordinary  piston  pump  ?  (8.  &  A.  Hons. 
Exam.,  1896.) 

16.  Sketch  in  section  the  cylinder,  ram,  and  leather  collar  of  an  hydraulic 
press.  Explain  the  principle  of  the  press  and  the  manner  in  which  the 
escape  of  water  is  prevented.  Example  —The  sectional  area  of  the  plunger 
of  the  force  pump  is  TV  that  of  the  ram,  and  the  leverage  gained  by  the 
pump  handle  is  12  to  1,  find  the  pressure  on  the  ram  when  a  force  of  60 
lbs.  is  exerted  at  the  end  of  the  pump  handle.     Aru.  36,000  lbs. 

17.  Describe,  with  a  sectional  sketch,  a  hydraulic  press  where  the  ram  is 
actuated  in  both  directions.  Show  the  position  and  forms  of  the  cup 
leathers. 

18.  The  return  stroke  in  an  hydraulic  press  is  often  accomplished  by  form- 
ing the  ram  like  a  piston  with  a  very  large  piston-rod.  Sketch  in  longi- 
tudinal section  such  a  press,  showing  the  arrangement  of  the  leathers. 
What  will  be  the  relative  speeds  of  the  forward  and  return  strokes  of  the 
ram  when  the  larger  and  smaller  diameters  are  15  inches  and  14  inches 
respectively,  the  pumps  for  the  supply  of  water  running  at  the  same  speed 
in  both  cases  ? 

19.  In  some  hydraulic  presses  a  single  valve,  held  down  by  a  lever  and 
weight,  is  used  both  to  indicate  and  relieve  the  pressure.  Sketch  the 
valve  in  position  and  explain  its  action. 

20.  Describe  clearly  and  show  with  sketches  the  construction  and  action 
of  any  one  form  of  portable  hydraulic  riveting  machine  with  which  you 
are  acquainted.  Show  clearly  the  valves  and  connections  by  which  the 
pressure  is  applied  to  close  the  rivet,  and  how  the  pressure  is  released  and 
the  tool  withdrawn  from  the  rivet  head  when  the  riveting  is  completed. 
How  is  the  water  pressure  conveyed  to  the  maohine?  (S.  &  A.  Hons. 
Exam.,  1895.) 

21.  What  are  the  advantages  in  forging  large  masses  of  steel  by  hydraulic 
pressure  over  the  same  operation  performed  by  the  steam  hammer  ?  Show 
clearly,  with  the  assistance  of  the  necessary  sketches,  the  method  em- 
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ployed  in  hydraulic  forging  presses  for  bringing  the  ram  or  pressing  surface 
rapidly  back  from  the  work  after  each  application  of  the  pressure.  (S.  & 
A.  Hons.  Exam.,  1896.) 

22.  Sketch  a  section  through  an  hydraulic  lifting  jack  and  hydraulic  bear, 
and  describe  the  manner  in  which  the  pressure  exerted  on  the  handle  is 
transmitted  to  the  ram. 

23.  A  4-ton  hydraulic  lifting  jack  has  a  lifting  ram  of  2  inches  in  diameter, 
and  a  pump  plunger  of  1  inch  in  diameter.  The  jack  is  worked  by  a  lever 
handle,  the  leverage  being  16  to  1.  What  pressure  must  be  applied  at  the 
end  of  the  handle  in  order  to  lift  a  load  of  26  owts.,  if  the  efficioncy  of  the 
machine  is  80  per  cent.  ?  Make  a  vertical  section  of  the  jack,  showing  the 
valves  and  the  mode  of  connecting  the  lever  with  the  pump  plunger.  How 
can  the  weight  be  lowered  slowly  and  regularly  without  jerks  ? 

24.  Explain,  with  the  aid  of  a  sectionalsketch,  the  action  and  construc- 
tion of  the  hydraulic  jack.  How  is  the  pressure  taken  off  and  the  load 
slowly  lowered?  If  the  ram  is  2  inches  in  diameter,  the  pump  plunger 
}  inch,  and  the  mechanical  advantage  of  the  handle  10,  what  is  the  total 
mechanical  advantage,  neglecting  friction?    (S.  &  A.  Adv.  Exam.,  1897.) 

25.  Make  a  sketch  of  a  10- ton  hydraulic  jib  crane  in  which  the  lifting 
cylinder  is  carried  in  the  pillar  or  post  of  the  crane.  What  would  be  the 
diameter  of  ram  required  in  the  arrangement  you  adopt,  supposing  water 
to  be  supplied  to  the  crane  at  a  pressure  of  700  lbs.  per  square  inch, 
neglecting  friction,  Ac.  ? 

26.  What  is  the  object  of  a  relief  valve  in  an  hydraulic  crane,  and  where 
is  it  placed  ?  Sketch  a  longitudinal  section  through  the  cylinder  and  ram 
of  a  crane  working  at  two  powers.     Explain  the  mode  of  action. 

27.  Describe,  with  sketches,  some  form  of  hydraulic  lift,  and  the  manner 
in  which  it  is  worked. 

28.  Describe  with  sketches  a  direct-acting  80  foot  hydraulic  lift,  to  carry 
a  load  of  1  ton,  the  ram  is  4  inches  diameter,  and  the  moving  parts  are 
balanced  by  a  counterweight  and  chain.  The  lift  is  worked  from  a  tank  of 
water  40  feet  above  the  highest  level  of  the  platform  and  an  intensifier 
must  be  used.     (S.  &  A.  Hons.  Exam.,  Part  II.,  1898.) 

29.  Make  a  section  through  the  cylinder  of  an  hydraulic  crane  with  two 
powers  as  applied  for  raising  weights.  Give  a  geueral  description  of  the 
crane,  and  explain  the  mode  of  working  it  bv  referring  to  your  sketch. 

30.  Describe  the  general  construction  of  the  lifting  apparatus  in  the 
hydraulic  crane,  making  a  sketch  of  the  cylinder  and  ram.  Show  the 
method  of  obtaining  two  powers  from  a  single  cylinder.  In  what  way  is 
the  pulley  princij>le  applied  in  such  cranes  ? 

31.  In  an  hydraulic  crane  with  two  powers  show  (1)  tho  apparatus  for 
lifting  the  weight,  (2)  the  method  of  slewing  or  rotating  the  jib  of  the 
crane. 

32.  Explain  the  advantage  to  be  derived  from  making  the  length  of 
stroke  of  an  hydraulic  engine  adjustable.  Describe  and  give  sketches  of  a 
construction  for  this  purpose, 

33.  Prove  the  formula  used  for  finding  the  resultant  pressure  on  a 
sloping  plane  interface,  with  any  shape  of  boundary  underneath  the 
surface  of  a  liquid.  Also  find  the  position  of  the  resultant.  Apply  the 
formula  to  the  case  of  a  rectangle  with  its  highost  horizontal  side  5  feet 
long  at  20  feet  below  the  surface,  its  other  sides  being  12  feet  long  and 
making  30°  with  the  horizontal.     (S.  and  A.  H.,  Part  I.,  1899.) 
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34.  A  rectangle  with  its  highest  horizontal  side  2  feet  long  at  10  feet 
below  still  water  level,  its  other  si  les  being  3  feet  long,  making  43°  with 
the  horizontal ;  find  the  amount  an  I  position  of  the  resultant  pressure 
upon  the  area.     Prove  the  truth  of  your  formulae.     Ana.  4,121  lbs. 

(B.  of  E.  H.,  Parti.,  1900.) 

35.  The  hydraulic  company's  pipes  are  to  stand  a  maximum  working 
pressure  of  1,200  lbs.  per  square  inch;  internal  diameter  4  inches.  Find 
the  outside  diameter,  the  working  tensile  stress  in  the  material  being 
3,200  lbs.  per  square  inch.  When  this  stress  is  reached  inside,  what 
is  the  stress  outside?    Ans.  Outside  diameter  5*93  inches,  say  6  inches. 

(B.  of  E.  H.,  Parti.,  1900.) 

36.  Describe,  with  sketches,  a  hydraulic  lift  with  hydraulic  method  of 
balancing.     (B.  of  E.  H.,  Part  I.,  1901.) 

37.  Describe,  with  sketches,  any  machine  with  which  you  are  acquainted, 
in  which  water  at  great  pressure  is  employed.  Point  out  at  what  places 
solid  friction  takes  effect.  What  are  the  differences  in  character  between 
solid  and  fluid  friction  ?  If  3  cubic  feet  of  water  at  700  lbs.  per  square 
inch  gauge  pressure  are  employed  in  a  crane  to  lift  a  weight  of  2  tons 
through  a  height  of  50  feet,  what  is  the  efficiency  of  the  crane  ? 

(B.  of  E.  Adv.,  1901.) 
33.   Describe,  with  detail  sketches,  a  good  form  of  hydraulic  crane,  with 
arrangements  for  varying  the  water  consumption  with  the  load  lifted. 

(C.  &G.,  1900,  H.,Sec..C.) 

39.  Describe,  with  sketches,  either  (a)  a  hydraulic  riveter,  or  (b)  a 
hydraulic  boiler  flanging  press.  Obtain  an  expression  for  the  maximum 
pressure  either  can  exert.     Assume  your  own  factors  for  friction  losses. 

(C.  &  G.,  1900,  H.,  Sec.  C.) 

40.  In  a  hydraulic  crane  the  water  pressure  employed  is  750  lbs.  per 
square  inch ;  to  lift  the  full  load  of  10  tons  three  cylinders  are  used,  each 
10  inches  in  diameter,  and  the  load  by  an  arrangement  of  pulley  blocks 
is  lifted  at  six  times  the  speed  at  which  the  rams  move  out  of  their 
cylinders.  How  many  foot-pounds  of  work  are  done  on  the  rams  in  lifting 
the  10  tons  30  feet,  and  how  many  foot-pounds  are  wasted  ? 

(C.  &G.,  1901,0.,  See.  A.) 

41.  Explain,  with  careful  sketches,  the  construction  and  working  of 
either  (a)  a  hydraulic  jack,  or  (b)  a  hydraulic  compression  or  baling  press. 
In  each  case  the  method  of  packing  the  moving  parts  must  be  fully 
described.  How  are  the  sizes  of  the  rams  determined?  What  data  are 
needed?    (C.  &  G.,  1901,  H.,  Sec.  C.) 
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Lxcture  XXXIII.— A.M.Inst.C.E.  Exam.  Questions. 

1.  Prove  that  a  body  of  any  form  when  immersed  or  floating  in  a  liquid 
is  acted  on  by  a  force  equal  to  the  weight  of  the  liquid  displaced,  acting 
vertically  upwards  through  the  centre  of  gravity  of  the  displaced  volume. 
A  bulb  weighing  12  oz.  is  found  to  weigh  8  oz.  when  immersed  in  water, 
and  7  oz.  when  immersed  in  another  liquid.  What  is  the  specific  gravity 
of  the  liquid ?    (I.C.E.,  Oct.,  1897.J  • 

2.  Show  how  to  find  the  resujttnt , thrust  due  to  the  pressure  of  water 
on  a  rectangular  plane  surface,  tWo  of  the  sides  of  the  rectangle  being 
horizontal.  A  vertical  wall,  2  feet  -thick  and  18  feet  high,  weighing  121 
lbs.  per  cubic  foot,  supports  the  pressure  of  water  on  one  side.  How  high 
may  the  water  rise  without  causing  the  resultant  force  on  the  base  of  the 
wall  to  pass  more  than  8  inches  from  the  middle  of  the  wall's  width  ? 

(I.C.E.,  M,  189S). 

3.  The  centre  of  a  spherical  body,  6  inches  diameter,  is  3  feet  below  the 
surface  of  water,  what  is  the  resultant  pressure  on  the  surface  of  the  body  ? 

(I.C.E.,  Oct.,  1898.) 

4.  A  dock  entrance,  whose  level  floor  is  24  feet  below  the  water,  has  a 
width  of  62  feet  at  the  water-level  and  50  feet  at  the  floor,  the  side  walls 
being  built  with  a  straight  batter.  The  entrance  is  closed  by  a  caisson, 
and  on  one  side  of  the  caisson  the  floor  is  dry.  Calculate  the  total 
horizontal  pressure  upon  the  caisson,  and  the  height  of  its  centre  of  action 
tiliove  the  floor.     (I.C.E.,  Oct.,  181*8.) 

5.  A  rectangular  area  inclined  at  20°  to  the  horizontal  is  submitted  to 
water-pressure.  Its  Bide  is  1 1  feet  and  is  horizontal,  and  is  30  feet  below 
the  water-level ;  its  parallel  side  is  62  feet  below  the  water-level ;  what  is 
the  total  pressure  on  the  area  counting  from  atmospheric  pressure? 

(I.C.E.,  Oct.,  1898.) 

6.  Describe  a  bucket-and-plunger  pump.   What  causes  limit  its  efficiency  ? 

(I.C.E  ,  Feb.,  1899.) 

7.  In  a  common  form  of  hydraulic  crane  the  piston  is  8  inches  in 
diameter ;  the  speed  at  which  the  weight  is  raised  is  8  times  that  of  the 
piston.  If  the  water  acting  on  the  piston  is  at  a  pressure  of  750  lbs.  per 
square  inch,  find  what  weight  may  be  lifted  by  the  chain  if  the  efficiency 
of  the  mechanism  be  55  per  cent.  What  is  the  chief  cause  of  the  low 
efficiency  ?    How  many  gallons  of  water  are  used  in  a  lift  of  30  feet  ? 

(I.C.K.,  Feb.,  1899.) 

8.  A  block,  in  the  form  of  an  isosceles  wedge,  1  foot  high  and  having  a 
base  1  foot  square,  is  immersed  in  water  with  its  base  horizontal  and 
uppermost  at  a  depth  of  4  feet  below  the  surface.  Determine  the  pressure, 
and  the  vertical  component  of  the  pressure  on  each  face.  Hence  show 
what  must  be  the  weight  of  the  wedge  so  that  it  may  just  float. 

(ICE.,  Feb.,  1899.) 

9.  If  a  spherical  buoy  6  feet  in  diameter  floats  in  sea- water  with  half 
its  volume  immersed,  what  is  the  weight  of  the  buoy?  Find  also  what 
will  be  the  load  draught  of  a  flat-bottomed  pontoon  of  rectangular  form, 
whose  length  is  175  feet  and  its  width  20  feet,  when  the  weight  of  pontoon 
and  load  amounts  to  400  tons.     (I.C.E. ,  Feb.,  1899.) 

10.  Supposo  that  the  pontoon  last  mentioned  is  to  be  symmetrically 
loaded  in  such  a  manner  as  to  bring  the  centre  of  gravity  to  a  height  of 
6  feet  above  the  deck  ;  and  determine  the  question  whether  the  pontoon 
would  in  that  case  float  upright  in  calm  water,  or  whether  it  would 
capsize.     (I.C.E.,  Feb.,  1899.) 
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11.  How  high  may  water  rise  on  one  side  of  a  vertical  wall  9  feet  high, 
27  inches  thick,  of  material  weighing  143  lbs.  per  cubic  foot,  before  the 
resultant  force  at  the  base  of  the  wall  passes  outside  the  edge  ? 

(I.C.E.,  Feb.,  1899.) 

12.  A  square  sluice-opening,  3  feet  by  3  feet,  is  formed  in  the  vertical 
face  of  a  dam,  and  the  upper  edge  of  the  opening  is  0  feet  below  water. 
Calculate  the  hydrostatic  pressure  upon  the  square  area,  and  find  the 
exact  position  of  its  centre  of  action.     (I.C.E.,  Feb.,  1899.) 

13.  A  vessel  with  a  square  base  has  three  vertical  sides  and  one  sloping 
side,  so  that  the  shape  of  the  top  is  a  rectangle,  with  one  pair  of  sides 
equal  to  those  of  the  base  and  the  other  pair  half  that  amount ;  the  height 
of  vessel  ia  equal  to  the  side  of  base.  If  it  is  fillect  with  water,  what  is  the 
amount  and  distribution  of  the  pressure  on  the  base.  If  the  water  freezes 
into  a  block,  how  is  the  distribution  of  pressure  altered.   (I.C.  E. ,  Oct  ,  1 891). ) 

14.  Sketch  a  lift-pump,  a  double-acting  force-pump,  and  a  bucket-and- 
'  plunger  pump,  and  state  generally  their  relative  advantages. 

(I.C.E.,  Oct.,  1899.) 

15.  The  sides  of  a  circular  tank  15  feet  in  diameter  are  constructed  of 
iron  plates  $  inch  thick,  riveted  together.  Omitting  the  effect  of  the 
joints  and  the  connection  with  the  flat  bottom  of  the  tank,  find  the  depth 
to  which  it  may  be  filled  with  petroleum  weighing  55  lbs.  pr  cubic  foot, 
so  that  the  maximum  stress  on  the  metal  may  not  exceed  1 ,000  lbs.  per 
square  inch.     (I.C.E.,  Feb.,  1900.) 

16.  Give  the  theory  of  the  simple  hydraulic  press,  and  state  the  chief 
causes  of  loss  of  mechanical  advantage  in  practice.  A  hydraulic  punch  has 
a  ram  8  inches  diameter ;  |-inch  holes  are  being  punched,  each  requiring  a 
force  of  70,000  lbs.  What  is  the  water  pressure?  This  water  comes  from 
a  steam  intensifier ;  the  area  on  which  the  steam  acts  is  .M00  square  inches; 
the  area  of  the  ram  is  30  square  inches.  What  is  the  pressure  difference 
of  the  steam,  neglecting  friction?    (I.C.E.,  Oct.,  1900.) 

17.  Describe  carefully  the  action  of  the  air  vessel  on  the  delivery  side  of 
a  vertical  single-action  bucket-pump  with  three  sets  of  valves,  suction, 
bucket,  and  delivery.  Under  what  circumstances  would  you  consider  an 
air  vessel  on  the  suction  side  useful?  Under  what  circumstances  would 
you  expect  that  the  suppression  of  the  suction- valves  would  improve  the 
delivery?    (I.C.E.,  Oct.,  1900.) 

18.  Give  an  expression  for  the  tension  of  the  bucket-rod  or  piston-rod  in 
a  common  suction  pump.  The  barrel  of  the  pump  is  8  inches  diameter 
and  the  stroke  of  the  bucket  or  piston  is  10  inches.  Find  the  work  done 
per  stroke  in  foot-pounds  when  the  spout  is  1 6  feet  above  the  surface  of 
the  water  in  the  well.     (I  C.E.,  Oct.,  1900.) 

19.  Explain  the  limits  of  action  of  the  common  lifting  pump  and  find 
the  tension  of  the  bucket  rod  at  any  point  of  the  upward  stroke  when  the 
pump  is  in  full  working.     (I.C.E.,  Feb.,  1901.) 

20.  A  vertical  sluice  gate  of  rectangular  form  closes  a  channel  which  is 
6  feet  in  width.  On  one  side  of  the  gate  the  water  stands  5  feet  above 
the  cill,  and  on  the  other  side  only  2  feet  above  the  cill.  Find  the  hori- 
zontal pressure  which  is  exerted  upon  the  gate  as  a  whole  and  resisted  by 
its  supports.     (I.C.E.,  Feb.,  1901.) 

21.  In  the  case  described  in  the  previous  question,  find  the  centre  of 
action  of  the  whole  horizontal  pressure.     (I.C.E.,  Feb.,  1901. ) 

22.  The  inner  face  of  a  masonry  dam  is  a  plane  vertical  surface  12  feet 
in  height.  The  section  of  the  dam  is  a  right-angled  triangle  9  feet  wide  at 
the  base,  and  the  weight  of  the  masonry  is  125  lbs.  per  cubic  foot.  WThen 
the  reservoir  is  filled  to  the  upper  edge  of  the  dam,  find  the  point  at  which 
the  resultant  line  of  pressure  intersects  the  base.     (I.C.E.,  Feb.,  1901.) 
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23.  In  designing  a  hydraulic  forging  press  to  exert  a  maximum  pressure 
of  3,000  tons  what  water  pressure  would  you  recommend;  how  many 
hydraulic  cylinders  would  you  use ;  would  you  cast  these  in  steel  or 
iron  ;  and  what  thickness  would  you  give  them  ?    (I.C.  E. ,  Feb.  %  1901. ) 

24.  Write  a  short  essay  on  the  special  advantages  of  hydraulic  over 
other  kinds  of  cranes  for  dock  work.  (I.C.E.,  Feb.,  1901.)  (Refer  back  to 
Lecture  X. ,  Vol.  I. ,  be/ore  answering  this  question. ) 

25.  A  box  in  the  form  of  a  cube,  of  internal  dimensions  1  foot,  has  its 
base  horizontal  and  is  half  filled  with  water.  One  vertical  side  is  kept  in 
its  position  by  four  screws  only,  one  at  each  angular  point.  Find  the 
tension  in  these  screws  due  to  the  water  pressure.     (I.C  E.,  Feb.,  1901.) 

26.  State  what  is  meant  by  the  centre  of  pressure  of  a  plane  immersed  in 
water.  A  rectangular  door  10  feet  long  and  4  feet  broad  is  placed  in  the 
side  of  a  tank  with  its  plane  vertical*  and  one  of  its  long  edges  at  the 
surface  of  the  water.  It  is  hinged  at  this  edge.  Find  the  horizontal  force 
at  the  lower  edge  to  keep  the  door  in  its  vertical  position  ( 1  cubic  foot  of  ' 
water  weighs  624  lbs.).     (I.C.E.,  Oct.,  1901.) 

27.  Show  how  the  gland  in  a  plunger-pump  may  be  packed.  Sketch 
suction  and  delivery  valves  suitable  for  such  a  pump  delivering  50,000 
gallons  per  hour  against  a  head  of  300  feet.     ( I. C. £  ,  Oct. ,  1901. ) 

28.  The  ram  of  a  hydraulic  accumulator  is  10  inches  diameter,  and  has  a 
stroke  of  1 1  feet.  \\  hen  fully  loaded  the  water-pressure  is  800  lbs.  per 
square*  inch.  If  the  whole  energy  of  the  accumulator  water  could  be  used 
in  three  minutes,  what  horse-power  would  it  exert  ?    (I.C.  E.,  Feb.,  I9n2.) 

29.  If  the  area  of  a  horizontal  section  of  a  ship  at  the  water-line  is 
15,000  square  feet,  and  the  sides  vertical  where  they  cut  the  water,  find 
the  extra  depth  the  ship  will  sink  when  loaded  in  fresh  water  with  7-0  tons 
of  cargo,  what  depth  would  the  ship  sink  if  floating  in  salt  water  of 
specific  gravity  1*026  when  loading?  (1  cubic  foot  of  Fresh  water  weighs 
62-5  lbs.)    (I.C.E.,  Feb.,  1902.) 

30.  A  flap  valve  is  2  feet  square,  and  stands  inclined  at  60°  to  the 
horizontal.  Find  the  force  needed  to  open  this  valve  when  the  sea- water 
level  is  6  feet  above  the  horizontal  hinge  of  the  valve.  The  force  to  open 
the  valve  is  applied  at  right  ancles  to  an  arm  1 6  inches  long  attached  at 
right  angles  to  the  upper  edge  of  the  valve  close  to  the  hinges. 

(I.C.E.,  Feb.,  1902.) 

31.  Explain  the  construction  of  the  common  type  of  hydraulic  jack. 

(I.C.E.,  Feb.,  1902  ) 

32.  Give  a  rough  diagram  showing  the  construction  of  the  ordinary 
form  of  Worthington  pump.     (I.C.E.,  Feb.,  1902.) 

33.  A  rectangular  area  is  immersed  in  water  with  one  edge  in  the  sur- 
face ;  express  the  resultant  fluid  pressure  upon  one  side  of  it,  and  state 
where  this  resultant  acts.  The  width  of  a  lock  is  12  feet,  and  that  of  each 
gate  6£  feet ;  if  the  height  of  the  water  be  10  feet  inside  the  lock  and  4 
feet  outside,  find  the  tesultant  fluid  pressure  on  each  gate,  and  also  the 
pressure  (assumed  to  be  acting  symmetrically)  between  the  two  gates. 

(I.C.K.,  Oct.,  1902.) 

34.  Give  sketches  and  describe  the  construction  of  a  hydraulic  crane. 
Estimate  the  volume  of  the  ram  necessary,  if  a  weight  of  5  tons  is  to  be 
lifted  20  feet,  the  water-pressure  being  700  lbs.  per  square  inch  and  effici- 
ency of  machine  £.     (I.C.E.,  Oct.,  1902.) 
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LECTURE  XXXIV. 

HYDRAULIC  APPLIANCES  IN  GAS  WORKS. 

Contents. — Labour-Saving  Appliances  in  Modern  Gas  Works — Pumping 
Engines  and  Accumulator — Example  I.— Differential  Accumulator — 
Brown's  Steam  Accumulator— Small  Hydraulic  Accumuhtor  Plant — 
Arrol-FouuV  Gas  Retort  Charging  Machine — Foulis'  Withdrawing 
Machine  for  Gas  Retorts— Results  of  Working  -  Questions. 

Labonr-Saving  Appliances  in  Modern  Gas  Works.*— In  no 
industry  have  the  conditions  of  labour  undergone  more  radical 
and  rapid  changes  than  in  large  modern  gasworks.  Until 
recently,  the  coal  was  emptied  by  hand  from  railway  waggons  or 
from  carts  at  the  most  convenient  position  for  the  retort  benches. 
If  the  lumps  of  coal  were  too  large,  they  were  broken  up  by 
manual  labour,  and  the  retorts  were  charged,  as  well  as  dis- 
charged, by  hand.  The  surplus  coke,  beyond  what  was  required 
for  the  furnaces,  was  quenched,  wheeled  into  a  yard,  and  there 
screened  and  filled  into  carts  or  waggons,  all  by  hand  labour. 

In  modernised  works,  the  coal  is  usually  delivered  direct  from 
the  railway  truck  into  the  hopper  of  the  mechanically-driven 
coal  breaker.  After  passing  through  thiB  machine,  it  is  raised 
by  an  elevator  to  a  large  hopper,  which  is  so  fixed  that  the  coal 
can  be  automatically  delivered  into  the  hopper  of  any  of  the 
charging  machines.  The  charging  of  the  retorts  is  then  per- 
formed by  means  of  a  hydraulic  charging  machine  more  evenly 
and  otherwise  better  than  by  hand.  After  carbonisation,  the 
coke  is  withdrawn  from  the  retorts  by  a  hydraulic  drawing 
machine.  These  two  operations  now  entail  a  minimum  of  labour 
and  inconvenience  from  heat  to  the  attendants.     The  surplus 

*  I  am  indebted  to  Mr.  Andrew  S.  Biggart,  of  Sir  William  Arrol  &  Co., 
Ltd.,  Glasgow,  for  the  drawings  from  which  the  three  electros  of  the 
General  Arrangement,  Charging,  and  Drawing  Machines  were  made.  I  am 
also  indebted  for  the  information  contained  in  Mr.  Biggart's  paper  which 
he  read  before  the  1395  Glasgow  meeting  of  the  Institution  of  Mechanical 
Engineers,  as  well  as  to  Mr.  Foulis,  th s  General  Manager  of  the  Glasgow 
Corporation  Gas  Trust  for  showing  me  the  whole  of  the  plant  in  operation. 
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coke,  guided  in  its  descent  by  shoots,  falls  into  a  bogie  under- 
neath the  floor,  and  is  run  out  to  the  yard  by  small  locomotives. 
In  some  instances  conveyors,  which  are  placed  underneath  the 
stage  floor,  carry  the  coke  to  circular  revolving  screens,  whence 
it  is  delivered  into  large  storage  hoppers,  railway  waggons,  or 
bags  for  small  consumers. 

The  old  methods  involved  continuous  and  repeated  operations 
performed  by  hand ;  while  the  new  are  such  that  no  hand  labour 
is  employed  in  dealing  with  the  coal  from  the  time  it  leaves  the 
railway  truck  until  it  arrives  there  again  in  the  form  of  coke. 
Hand  labour  is  thus  entirely  superseded  by  mechanical  power,  to 
the  great  advantage  of  both  the  labourer  and  the  employer. 
The  number  of  men  required  in  the  retort  house  under  the  new 
system  is  less  than  half  that  required  under  the  old  method. 
The  saving  which  this  represents,  after  allowing  for  maintenance 
of  plant  and  interest  on  additional  capital,  will  average  about 
one  shilling  per  ton. 

Pumping  Engines  and  Accumulator. — The  general  arrangement 
of  this  portion  of  the  plant  is  illustrated  by  the  following  side 
elevation  and  plan.  The  steam  engine  and  pumps  are  situated 
either  in  the  main  engine  room  of  the  gasworks  or  in  a  con- 
venient house  not  far  removed  from  the  steam  boilers  ;  while  the 
accumulator  may  be  placed  in  an  annex,  where  there  is  plenty  of 
head  room  for  the  guide  timbers.  From  what  has  already 
been  said  about  the  construction  and  action  of  the  Armstrong 
accumulator  in  the  preceding  Lecture,  and  by  carefully  compar- 
ing the  present  figures  with  the  index  to  parts  (which  has 
been  tabulated  in  nearly  the  exact  sequence  of  the  operations) 
the  student  will  have  no  difficulty  in  understanding  the  generat- 
ing plant  which  serves  to  supply  hydraulic  power  to  the  charging 
and  drawing  machines  in  the  retort  houses. 

The  steam  engine  drives  the  rams  R  of  the  pumps  P  direct 
from  a  back  extension  of  the  piston-rods.  From  the  pumps  the 
water  is  forced  into  the  accumulator  cylinder  A  C  at  such  a 
pressure  that,  acting  on  the  accumulator  ram,  it  is  capable  of 
lifting  the  heavy  dead-weight  bolted  to  the  upper  end.  This 
weight  is  provided  with  guide  arms  G  A,  bearing  upon  planed 
iron  rails  fixed  to  the  vertical  guide  timbers  GT.  When  the 
guide  arms  have  reached  a  certain  height,  the  one  at  the  right 
hand  begins  to  lift  a  weight  attached  to  a  chain  on  the 
weighted  lever  of  the  throttle  valve  T  V.  During  the  remainder 
of  the  ascent  of  the  accumulator  the  automatic  starting  chain 
AS  is  slackened  until  the  throttle  valve  is  closed,  and  the 
engine  is  stopped  before  the  guide  arms  reach  the  cross  beam, 
which  connects  the  upper  ends  of  the  guide  timbers.     Should 
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the  chain  stick,  or  anything  fail  about  this  automatic  system  of 
stopping  the  engine,  then  a  second  chain,  which  connects  the 
weight  at  the  end  of  the  relief  valve  R  V  to  the  counterpoise  ball 


General  Arrangement  of  Pumping  Engines  and  Accumulator  for  Working 
Gas  Retort  Charging  and  Withdrawing  Machines. 


Index  to  Parts. 


S  for  Steam  Pipe. 
SV    „    Stop  Valve. 
TV    „    Throttle  Valve. 
AS    „    Automatic  Starting  and 

Stopping  Apparatus. 
SC    „    Steam  Cylinder. 
E    „    Exhaust  Pipe. 
G    „    Governor. 
FW    „    Flywheel. 
SP    ,,   Suction  Pipe. 


VC  for  Valve  Chest  for  Pumps. 

R  ,,  Rams. 

P  „  Pumps. 

RV  „  Relief  Valve. 

AC  , ,  Accumulator  Cylinder. 

DP  „  Delivery  Pipe. 

G  A  „  Guide  Arms. 

GT  „  Guide  Timbers. 

LC  „  Load  Casing. 

RT  „  Roof  Tie-Rods. 
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attached  to  the  chain  A  S,  is  tightened  up  just  before  the  guide 
arms  reach  the  uppermost  limit  of  their  travel.*  This  action 
releases  the  downward  pressure  on  the  relief  valve,  and  permits 
sufficient  water  to  escape  to  prevent  any  further  elevation  of 
the  accumulator  ram.  The  governor  G  now  prevents  the  engine 
from  racing.  When  water  is  used  by  any  of  the  hydraulic 
machines  it  flows  to  them  from  the  accumulator  cylinder  through 
the  delivery  pipe  D  P.  This  allows  the  accumulator  ram  and 
weight  to  sink  until  the  ball  attached  to  A  S  re-asserts  its  pull 
on  the  throttle  valve,  and,  automatically  opening  it,  starts  the 
engine. 

It  is  evident  that  if  a  set  of  engines  and  pumps  were  devoted 
to  the  direct  supply  of  high-pressure  water  to  several  machines, 
their  output  would  have  to  be  equal  to  the  greatest  require- 
ments of  the  plant  at  any  instant ;  but  by  the  introduction  of 
the  accumulator  and  its  automatic  starting  and  stopping  gear 
we  have  a  simple  means  of  ensuring  a  constant  supply  of  water 
at  the  desired  pressure  with  a  smaller  engine. 

An  accumulator,  therefore,  performs  several  very  important 
functions  in  a  most  efficient  manner : — 

(1)  It  acts  as  a  reservoir  for  the  storage  of  energy. 

(2)  It  acts  as  a  regulator  of  pressure. 

(3)  It  acts  like  a  flywheel  in  taking  up  and  giving  out  power  in 
direct  sympathy  with  the  immediate  wants  of  supply  and  demand. 

(4)  It  acts  as  an  elastic  buffer,  and  prevents  the  breakage  of 
joints,  <kc 

(5)  It  automatically  controls  the  motive  power. 

The  efficiency  of  an  accumulator  has  been  proved  to  be  as  high 
as  98  per  cent.,  only  1  per  cent,  being  lost  through  friction  in 
charging,  and  1  per  cent,  in  discharging  it,  as  tested  by  pressure 
gauges  on  the  supply  and  discharge  pipes.  Its  total  store  of 
energy  is,  however,  comparatively  small,  since  it  is  only  equal  to 
the  potential  energy  of  the  weight  raised.  Hence,  if  W  lbs.  be  the 
total  weight  raised  in  the  accumulator,  and  H  feet  the  difference 
of  height  between  its  highest  and  lowest  positions,  we  have: — 

TZ££*}-w*'u*-sf&m H-p-hMOT-t  » 

*  Another  arrangement  is  to  pass  this  second  vertical  chain  through  a 
hole  in  a  projecting  plate  fixed  to  the  right-hand  guide  arm  G  A,  and  then 
attach  its  upper  end  to  the  top  cross  beam.  If  the  accumulator  should  rise 
too  high,  then  the  plate  catches  an  enlarged  portion  of  the  chain  and  opens 
the  relief  valves. 

+  One  horse-power  -  33,000  ft. -lbs.  of  work  per  minute,  hence,  1  horse- 
power hour  is  33,000  x  60  or  1,980,000  ft. -lbs. 
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ELEVATION.  VERTICAL   SECTTOKi 

Tweddell's  Differential  Accumulator. 


DIPPKRENTIAL   ACCUMULATOR.  ±±3 

Example  I. — The  accumulators  used  in  connection  with  the 
hydraulic  power  supply  in  Glasgow  are  18  inches  in  diameter, 
and  have  a  free  lift  of  23  feet.  The  total  load  on  each  is  127 
tons.  Find  the  pressure  of  the  water  and  the  maximum  energy 
stored  in  each  accumulator,  neglecting  friction. 

Answer. — 

W 
Pressure  of  water  =  p  =  -r-. 

=  „1W«  2,2*0  _  .  M20  ibB.  per  sq.  in. 
•7854  x  18  x  18        '  ^   ^ 

Energy  stored        =  WH  =  127  x  2,240  x  23. 

„  =  6,543,000  ft.-lbs.,  or  3*3  H.P.-honrs. 

Indkx  to  Parts. 

I  P  for  Inlet  Pipe  from  pump. 

R  ,,   Ram  of  accumulator. 

B  L  ,,   Brass  Liner  on  lower  part  of  R. 

C  P  „  Central  and  Cross  Passages  for  water. 

C  ,,   Cylinder. 

A  S1(  A  S,  i,   Annular  Spaces  from  top  and  bottom  of  cylinder. 

Gj,  G3  ,,   Glands  (top  and  bottom). 

LC  ,,   Leather  Cup  Packings. 

W  „   Weights. 

WB  „   Wooden  Blocks. 

B  „   Bracket  (at  top). 

EB  „   End  Bearing. 


It  will  be  seen  from  this  example  how  small  the  total  store  of 
energy  is,  and  that  accumulators  would  be  quite  useless  to 
maintain  the  supply  for  any  length  of  time.  One  of  the  real 
advantages  of  the  accumulator  arises  from  the  fact  that  we  may 
use  its  energy  for  a  very  short  time  at  a  high  rate.  For  instance, 
although  the  accumulator  in  the  above  example  is  only  capable 
of  maintaining  3*3  H.P.  for  a  whole  hour,  it  could  exert  198 
H.P.  for  ten  minutes,  or  198  H.P.  for  one  minute. 

Differential  Accumulator Although  it  has  only  been  found 

necessary  to  employ  a  water  pressure  of  400  lbs.  per  square  inch 
in  the  charging  and  drawing  machines  for  gas  retorts,  which  we 
will  describe  later  on,  and,  further,  since  it  is  advisable  with 
them  to  have  a  considerable  volume  of  water  in  the  accumulators 
when  many  machines  have  to  be  worked  simultaneously,  yet  it 
may  not  be  out  of  place  to  describe  here  the  differential  accumu- 
lator designed  by  Mr.  Tweddell  for  his  smaller  kinds  of  hydraulio 
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tools,  since  there  may  be  cases  in  which  space  and  compactness 
are  of  considerable  importance.  From  the  foregoing  elevation 
and  enlarged  vertical  section  it  will  be  seen  that  the  ram  B 
consists  of  a  vertical  fixed  shaft  secured  at  the  top  by  a  bracket 
B,  and  at  the  bottom  by  a  footstep.  The  lower  half  of  this 
shaft  is  of  larger  diameter  than  its  upper  half,  a  brass  liner  B  L 
being  shrunk  on  the  former  part.  Moreover,  this  lower  portion 
of  the  rain  has  a  central  passage  C  P  drilled  axially  along  it, 
with  a  cross  passage  just  above  the  upper  end  of  the  brass  liner. 
Through  these  passages  water  is  admitted  from  the  inlet  pipe 
I  P,  which  is  connected  directly  to  the  force  pumps.  This  water 
finds  its  way  into  an  annular  space  A  Bv  A  S2,  which  is  the 
clearance  between  the  outside  of  the  brass  liner  and  the  inner 
bore  of  the  heavy  press  or  cylinder  C.  Surrounding  the  outside 
of  the  cylinder  are  placed  a  number  of  cast-iron  or  lead  weights 
W  which  fit  into  each  other,  and  form  the  dead  load  along  with 
the  weight  of  the  cylinder.  At  the  top  and.  the  bottom  of  the 
cylinder  there  are  suitable  glands  Gx  and  G2  containing  the 
usual  leather  cup  packings  L  0.  When  the  machine  is  idle  the 
bottom  flange  of  the  cylinder  rests  upon  wooden  beams  W  B. 
It  will  now  be  readily  understood  that  the  effective  area  of  the 
ram  is  only  the  difference  between  the  ero3.s  areas  of  the  brass 
liner  B  L  and  the  upper  part  of  the  ram  B,  instead  of  the  whole 
area  of  the  ram  as  in  the  previous  case.  Hence,  a  very  great 
pressure  may  be  obtained  from  a  small  weight.  For  example, 
should  the  annular  area  representing  the  difference  in  size 
between  the  brass  liner  and  the  upper  part  of  the  iron  ram  be  5 
square  inches,  and  the  total  weight  of  the  cylinder  and  its 
surrounding  cast-iron  blocks  be  2,000  lbs.,  then,  neglecting  the 
friction  nt  the  glands,  the  pressure  would  be  2,000^5,  or  400 
lbs.  per  square  inch.  This  accumulator  will  store  up  an  equal 
amount  of  energy,  as  in  the  previous  case,  if  the  dead  weight 
and  height  of  the  lift  are  the  same  since  their  stored  energy 
depends  directly  upon  W  x  H.  The  volume  of  water  contained 
in  the  accumulator  will,  however,  be  comparatively  small,  and 
hence  it  will  fall  more  quickly  for  a  certain  amount  of  water 
used  by  the  hydraulic  machines  which  it  drives.  As  will  be 
seen  from  the  left-hand  figure,  a  relief  valve  B  V  is  worked  by 
a  chain  connecting  an  outstanding  arm  on  the  uppermost  weight 
to  the  end  of  the  lever ;  also  any  desired  pressure  up  to  2,000 
lbs.  per  square  inch,  or  more,  may  easily  be  obtained  from  this 
accumulator  with  a  comparatively  small  dead  load  and  space. 

Brown's  Steam  Accumulator. — Another  very  simple  form  of 
accumulator,  which  has  proved  very  effective  both  for  land  pur- 
poses and  on  board  ship,  is  that  designed  and  made  by  Mr.  A. 
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Betts  Brown,  of  the  Rosebank  Iron  Works,  Edinburgh.  It 
consists  of  a  steam  cylinder  SO  fitted  with  a  piston  P  and  a 
piston-rod  or  ram  R.  Steam  is  supplied  direct  to  this  cylinder 
from  the  boiler  and  presses  on  the  piston  P  in  opposition  to  the 


Browv's  Steam  Accumulator  or  Compensated  Steam  Pump. 

Index  to  Part3. 

H  C  for  Hydraulic  Cylinder. 
EC   ,,    Engine  Cylinders. 
F  P   ,,   Force  Pumps. 
E  ,,   Exhaust  Pipe. 


S  P  for  Steam  Pipe  from  Boilers. 
SC   „   Steam  Cylinder. 

P   ,,   Piston  working  in  SC. 

R  „   Ram  attached  to  P. 
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water  forced  into  the  hydraulic  cylinder  H  0  by  the  force  pumps 
F  P,  which  are  worked  by  a  pair  of  engines.  An  exhaust  pipe 
E  carries  away  the  exhaust  steam  from  the  engine  cylinders  EO 
and  the  bottom  of  the  large  steam  accumulator  cylinder  SO. 


Small  Hydraulic  Accumulator  Plant. 

Suppose  that  the  piston  P  is  at  the  bottom  of  its  cylinder,  then 
the  boiler  steam  not  only  fills  the  portion  above  the  piston  but 
passes  on  to  the  engine  cylinders  and  therefore  works  the  pumps 
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and  forces  up  the  ram  and  piston  to  the  top  of  their  stroke,  when 
the  piston  gradually  closes  the  steam  passage  leading  to  the 
engines  until  they  stop.  Should  any  of  the  hydraulic  machines 
be  now  put  into  action  the  water  flows  to  them  from  the 
hydraulic  cylinder,  the  ram  and  piston  descend  and  the  engines 
are  again  set  into  motion  to  keep  up  the  demand  and  again  close 
the  engine  steam  pipe.  With  a  steam  cylinder  of  36  inches 
diameter  and  a  ram  of  9£  inches  (or,  ratio  of  areas  15  to  1)  Mr. 
Brown  is  able  with  about  50  lbs.  steam  pressure  per  square 
inch  to  maintain  a  pressure  of  750  lbs.  per  square  inch  in  the 
hydraulic  mains  leading  to  water  motors,  steering,  stopping,  and 
starting  gear,  or,  in  the  case  of  a  gas  works,  to  the  charging  and 
drawing  machines. 

Small  Hydraulic  Accumulator  Plant.— Should  the  gas  works  be 
a  small  one,  then  a  much  less  expensive  accumulator  plant  may 
be  employed,  such  as  that  illustrated.  This  figure  is  sufficiently 
self-descriptive  after  what  has  been  said  about  the  larger  plant. 


Direct  Acting  Steam  Pump. 

The  small  pumping  engine,  or  donkey  pump,  which  supplies 
water  of  the  desired  pressure  to  the  accumulator  is  also  shown 
in  a    perspective    view.      Steam    is    admitted    to   the   steam 
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cylinder  by  piston  valves,  actuated  by  a  connecting-rod  and 
lever,  while  the  double-acting  pump  is  fitted  with  a  solid  piston 
plunger  and  an  air  vessel. 

Arrol-Foulis  Gas  Retort  Charging  Machine.— In  replacing  hand 
labour  for  the  charging  gas  retorts  by  a  hydraulic  machine 
several  important  requirements  have  to  be  effected: — 

(1)  The  machine  should  be  easily  moved  parallel  to  the  retort 
bench  at  the  proper  distance  therefrom. 

(2)  It  must  be  capable  of  being  connected  with  the  hydraulic 
pressure  pipe  at  every  position. 

(3)  The  shoot  mouth  should  be  easily  raised  or  lowered  to  suit 
the  highest  or  lowest  retort. 

(4)  The  shoot  mouth  should  be  easily  entered  into  the  mouth 
of  the  retort  before  filling  it  with  coal. 

(5)  The  coal  hopper  should  contain  at  least  a  sufficient  quan- 
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tity  of  coal  to  charge  a  complete  set  of  retorts  without  requiring 
to  be  refilled. 

(6)  The  exact  quantity  of  coal  required  for  the  charge  of  each 
retort  should  be  easily  regulated,  and  the  regulator  should  be 
capable  of  dealing  with  all  the  sizes  of  coal  in  use. 

(7)  The  charge  should  be  laid  evenly  and  of  the  desired  depth 
from  back  to  front  without  any  special  effort  on  the  part  of  the 
attendant,  and  without  loss  of  time. 

(8)  The  platform  of  the  attendant  should  be  placed  in  the 
most  convenient  position  for  actuating  all  the  motions,  and  at 
the  same  time  protecting  him  from  the  heat  emanating  from  the 
retorts. 

(9)  The  whole  machine  should  require  a  minimum  of  attention 
ana  repair.  It  should  also  be  able  to  withstand  the  rough  usage 
of  retort  house  workmen,  as  well  as  the  hydraulic  pleasure, 
without  undue  leakage  or  giving  way  in  any  of  its  vital  parts, 
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These  several  requirements  have  been  very  ingeniously  worked 
out  and  applied  by  Sir  William  Arrol  and  Mr.  William  Foulis 
in  their  patent  hydraulic  charging  machine,  shown  by  the 
accompanying  figure,  as  follows  : — 

(1)  The  whole  machine  with  its  load  of  coal  is  supported  on  a 
pair  of  rails,  placed  parallel  to  the  retort  bench,  and  moved  by 
travelling  gear  T  G.  In  the  illustration  ordinary  hand  gear  is 
shown,  but  in  the  latest  machines  a  hydraulic  motor  of  special 
design  has  been  applied  with  excellent  results. 

(2)  A  pipe  is  fixed  the  whole  length  of  the  retort  bench  at  a 
convenient  height  and  distance  therefrom,  and  it  is  always  kept 
charged  with  water  from  the  accumulator  at  the  full  working 
pressure  of  400  lbs.  to  the  square  inch.  At  suitable  distances 
along  this  pipe  there  are  attached  ordinary  armoured  flexible 
hose  pipes,  which  may  be  connected  to  the  pressure  swivel  P  S. 
From  this  swivel  copper  pipes  lead  to  the  lifting  cock  L  0  and 
slide  valve  S  V. 

(3)  The  beam  carrying  the  shoot  mouth,  shoot  rod  S  R,  spear 
8,  charging  cylinder  CO,  and  drawing  cylinder  DC,  is  raised 
and  lowered  by  turning  the  lifting  cock  L  C  to  the  right  or  left, 
and  t  tereby  admitting  water  to  the  beam  lifting  cylinder  BLC. 

(4)  When  the  shoot  mouth  S  M  is  fairly  opposite  one  of  the 
retort  mouths  it  is  pushed  forward  by  the  shoot-rod  lever  SRL, 
and  the  hand  lever  H  L  is  turned  to  admit  water  to  the  slide 
valve  S  V  and  work  the  charging  cylinder  0  0,  so  as  to  push 
the  spear  S  and  spear  head  SH  into  the  retort,  having  a  quantity 
of  coal  in  front. 

(5)  The  coal  hoppers  are  made  to  contain  from  2  to  5  tons. 

(6)  The  feeding  gear  consists  of  an  open  coal  drum  0  D,  which 
is  divided  into  segmental  compartments,  each  of  which  can  con- 
tain a  certain  quantity  of  coal.  It  is  turned  through  one  or  two 
divisions  at  regular  intervals  by  a  hydraulic  ram  with  rack  and 
ratchet  gear,  so  as  to  permit  the  desired  quantity  of  coal  to  fall 
into  the  shoot.  A  plate,  which  acts  as  a  flap  valve,  is  so  fixed 
in  front  of  the  drum  by  a  lever  and  weight,  that  it  presses 
against  the  face  of  the  drum,  and  prevents  the  small  coal  from 
falling  down  past  the  face  of  the  drum. 

(7)  The  coal  falls  from  the  hopper  in  front  of  the  pusher 
plate  or  spear  head  S  H,  and  is  delivered  into  the  retort  by  a 
series  of  six  or  seven  successive  strokes,  each  stroke  being  shorter 
than  the  previous  one.  This  is  accomplished  by  means  of  a  shaft 
carrying  a  set  of  stops  placed  on  the  beam  alongside  the  spear  S. 
This  shaft  is  automatically  turned  a  certain  amount  during  each 
return  stroke,  so  as  to  bring  the  stops  into  position  in  rotation. 
The  forward  and  return  strokes  of  the  spear  are  caused  by  two 
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hydraulic  rams  working  in  the  cylinders  G  0  and  D  C,  which 
are  regulated  by  the  hand  lever  H  L.  This  lever  also  serves  to 
lower  the  spear  head  when  entering  the  retort  for  pushing  in  the 
coal,  and  to  raise  it  clear  from  the  bottom  of  the  retort  during 
the  return  stroke.  It  also  causes  the  revolution  of  the  stopper 
shaft.  The  inclined  form  of  the  spear  head  and  these  successive 
strokes  ensure  the  charge  being  evenly  distributed  along  the 
retort,  and  the  depth  is  regulated  by  putting  in  more  or  less 
coal  at  each  stroke,  as  previously  explained. 

(8)  The  platform  P  is  placed  at  the  b  ick  of  the  machine,  so 
that  the  attendant  has  the  levers  within  easy  reach,  and  he  is 
placed  as  far  as  possible  from  the  heat  of  the  retorts. 

(9)  Great  attention  has  been  given  to  the  several  details  of 
the  machine,  so  as  to  render  it  as  durable  as  possible.  The 
reason  for  adopting  this  comparatively  low  pressure  is,  that  the 
power  required  for  the  different  motions  is  so  small  that  if  a 
higher  pressure  were  employed  the  rams  would  be  inconveniently 
small.  In  fact,  with  400  lbs.  pressure  it  had  been  found  in  some 
instances  that  rams  of  only  l£  inch  diameter  gave  ample  power, 

Foulis'  Withdrawing  Machine  for  Gas  Retorts. — After  the  coal 
has  been  carbonised  and  converted  into  coke,  it  has  to  be 
withdrawn  from  the  retorts  before  putting  in  a  new  charge.  This 
is  done  by  a  machine  which  is  similar  to  that  used  for  charging, 
and  travels  along  the  same  rails.  The  withdrawing  machine 
consists  of  a  frame  supported  on  a  truck  and  carrying  a  rake  for 
pulling  out  the  coke.  The  head  of  this  rake  can  swing  back- 
wards into  a  horizontal  position  so  as  to  clear  the  coke  when 
being  moved  inwards,  but  goes  back  to  the  vertical  and  dips 
into  the  coke  on  its  return  stroke. 

The  beam  B  carrying  the  rake  can  be  raised  or  lowered,  and 
the  rake  moved  out  and  in,  in  the  same  manner  as  the  corre- 
sponding parts  of  the  charging  machine.  As,  however,  the 
withdrawing  machine  is  comparatively  light,  it  is  found  quite 
sufficient  to  use  hand  travelling  gear  T  G  to  make  it  move  along 
the  rails. 

The  exhaust  water  is  led  to  a  tank  E  T,  from  which  it  flows 
to  a  spray  pipe  S  P  and  plays  on  the  rake  head  to  keep  it  cool  and 
help  to  quench  the  coke. 

Results  of  Working.— Mr.  Biggart  says  that  the  number  of 
retorts  charged  or  drawn  per  hour  by  these  machines  varies  to  a 
considerable  extent  in  actual  work.  In  some  cases,  owing  to 
special  circumstances,  not  more  than  twenty-four  per  hour  are 
available  for  each  machine;  while  in  other  more  favourable 
instances  as  many  as  forty-eight  per  hour  are  allotted  to  each, 
and  even  with  this  larger  number  a  reasonable  time  remains  for 
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rest  for  the  attendants  at  the  end  of  each  hour.     The  labour  of 
charging  the  retorts  and  withdrawing  the  coke  is  much  lightened 


by  these  mechanical  means,  and  the  number  of  retorts  charged 
and  drawn  for  each  man   employed  is  largely  increased.      It 
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might  at  first  be  imagined  that  coal  placed  in  retorts  in  only  six 
to  eight  large  charges  by  the  machine  would  not  be  so  evenly 
laid  as  a  much  larger  number  of  smaller  charges  put  in  by  hand. 
The  machine,  however,  lays  the  coal  by  far  the  most  evenly, 
owing  partly  to  the  shape  of  the  pusher  head,  which  is  bevelled 
so  as  to  allow  the  small  ridge  of  coal  raised  in  pushing  forwards 
to  foil  back  when  its  support  is  removed  on  the  withdrawal  of 
the  pusher  head.  Another  advantage  possessed  by  machine 
work  over  hand  labour  is  that  the  charging  is  done  more  quickly, 
and  thus  there  is  a  diminished  loss  of  gas  before  the  retort  doors 
are  closed. 

Apart  from  any  other  consideration,  the  mechanical  charger 
could  not  fail  to  prove  beneficial  in  view  of  the  greatly  improved 
conditons  under  which  it  enables  work  of  a*  most  trying  nature 
to  be  carried  on.  The  old  method  of  hand  charging  was  a  severe 
ordeal  for  the  stokers,  requiring  great  exertion  to  get  through 
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the  work  in  the  shortest  time  possible,  while  exposed  throughout 
to  a  high  heat.  Such  adverse  conditions  are  now  entirely  done 
away  with  where  mechanical  stoking  obtains.  The  single  lever 
by  which  the  whole  of  the  operations  are  controlled  is  worked 
from  such  a  position  that  the  attendant  is  quite  removed  from 
the  discomfort  of  close  proximity  to  a  high  heat,  while  at  the 
6a me  time  the  former  severe  bodily  exertion  is  replaced  by  light 
and  easy  work.  Even  greater  ir  provements  in  the  conditions 
of  labour  arise  from  the  introduction  of  the  drawer,  which 
accomplishes,  under  all  the  better  conditions  attt  nding  the  use 
of  the  charger,  work  of  a  still  more  trying  nature.  The  with- 
drawing of  the  hot  coke  from  the  retorts  was  work  for  which 
even  the  stokers  themselves,  accustomed  as  they  were  to  it, 
admitted  that  mechanical  appliances  were  required.  Here 
again  all  is  worked  by  a  single  lever,  in  such  a  position  as  to 
remove  the  attendant  from  the  former  discomforts  of  withdraw- 
ing the  coke  at  a  white  heat  at  the  mouth  of  the  open  retort. 
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Lecture  XXXIV.— Qubstionb. 

1.  Sketch  and  describe  the  general  arrangement  of  pumping  engines  and 
accumulator  as  used  for  supplying  hydraulic  power  to  the  mechanical 
stoking  appliances  in  a  gas  works. 

2.  Make  a  vertical  section  of  an  accumulator,  and  explain  the  manner  in 
which  this  apparatus  enables  us  to  store  up  and  give  out  energy.  If  the 
ram  of  the  accumulator  be  17  inches  in  diameter,  what  should  be  the  load 
in  order  to  obtain  a  water  pressure  of  700  lbs  on  the  square  inch  ?  Arts. 
70*9  tons. 

3.  Sketch  and  describe  some  arrangement  of  an  hydraulic  accumulator 
by  which  a  pressure  of  10  tons  to  the  square  inch  can  be  obtained  for  test- 
ing purposes,  with  pumps  working  at  a  pressure  not  exceeding  3  tons  to  the 
square  inch. 

4.  Describe,  without  going  into  detail,  the  engines,  pumps,  accumulator, 
and  one  or  two  of  the  appliances  likely  to  be  used  by  customers  of  an 
hydraulic  company.     (S.  and  A.  Adv.  Exam.,  1897.) 

5.  If  you  desire  to  obtain  great  pressure  with  a  smill  dead  load,  what 
form  of  accumulator  would  you  employ  ?  Give  a  vertical  section  and  a 
description  of  the  construction  and  action  of  the  accumulator  you  have 
selected.     Why  is  it  inadvisable  to  use  one  with  a  very  small  ram  ? 

6.  If  you  desire  to  obtain  a  pressure  of  1,200  lbs.  per  square  inch,  and 
you  are  limited  to  a  dead  weight  of  1  ton,  what  effective  area  would  you 
require,  and  what  would  be  the  diameter  of  the  larger  part  of  the  ram  if 
the  smaller  be  6  inches  in  diameter,  in  the  case  of  a  differential  accumu- 
lator having  a  total  efficiency  of  90  per  cent.?  What  would  be  the  diameter 
of  the  ram  if  you  used  a  solid  one  ? 

7.  Sketch  and  describe  ftrown's  Steam  Accumulator.  Mention  any 
advantages  and  disadvantages  which  you  consider  it  possesses  with  respect 
to  other  forms  of  accumulator. 

8.  Suppose  the  effective  steam  pressure  in  the  steam  cylinder  of  a 
Brown's  Accumulator  to  be  60  lbs.  on  the  square  inch,  and  that  you  require 
a  water  pressure  of  1,000  lbs.  per  square  inch,  with  a  ram  of  20  square 
inches  in  cross  section,  what  will  be  the  diameters  of  the  ram  and  steam 
piston  if  2  per  cent,  be  lost  in  friction  ? 

9.  Sketch  the  construction  and  describe  the  action  of  the  Arrol-Foulis 
hydraulio  apparatus  for  charging  gas  retorts.  Mention  the  several  advan- 
tages of  employing  this  machine  as  against  hand  labour. 

10.  Sketch  the  construction  aud  describe  the  action  of  the  Foulis 
hydraulic  apparatus  for  withdrawing  the  coke  from  gas  retorts.  Mention 
the  several  advantages  of  employing  this  machine  as  against  hand  labour. 

11.  What  is  the  use  of  an  intensifier  or  intensifying  accumulator  in  the 
working  of  hydraulic  machinery?  Sketch  such  an  apparatus,  and  explain 
fully  its  principle  and  construction :  give  also  one  example  of  the  application 
of  the  intensifier  to  hydraulic  machinery.     (S.  and  A.  Adv.  Exam.,  1896.) 

12.  A  differential  accumulator,  loaded  to  1,400  lbs.  per  square  inch,  has  a 
5-inch  spindle  and  a  J-inch  bush,  and  supplies  a  riveter  ram  of  9  inches 
diameter  through  30  feet  of  1-inch  piping.  Find  the  " equivalent  mass" 
at  the  riveter  ram  on  the  assumption  that  no  water  is  pumped  into  the 
accumulator  during  the  working  stroke  of  the  riveter  ram. 

(C.  &G.,  1902,  H.,  Sec.  C.) 

13.  Sketch  an  automatic  governor  suitable  for  use  on  a  main  pumping 
engine  which,  by  operating  on  the  steam  valve,  reduces  the  speed  of  the 
pump  when  the  pressure  in  the  delivery  pipe  exceeds  a  certain  amount. 

(0.  AG.,  1902,  H.,  Sec  C.) 
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Lecture  XXXIV.— A. M.Inst. G.E.  Exam.  Questions. 

1.  Give  a  short  account  of  the  arrangements  for  distributing  power  by 
pressure  water.  Sketch  an  accumulator.  Find  the  energy  stored  in  foot- 
pounds per  cubic  foot  of  water,  in  an  accumulator  loaded  to  700  lbs  per 
square  inch.     (I.C.K.,  Feb.,  1S98.) 

2.  Sketch,  dimension,  and  describe  a  proper  packing  gland  for  an 
accumulator  12  inches  in  diameter  and  4,000  lbs.  per  square  inch  water 
pressure.     (I.C.E.,  Feb.,  1901.) 

3.  What  amount  of  energy  is  stored  in  p  lbs.  of  water  at  q  lbs.  per 
square  inch  pressure?  A  differential  hydraulic  press  has  two  stuffing 
boxes  in  line  and  a  vertical  rod  passes  through  both,  the  diameters  of 
the  pistons  at  its  lower  and  upper  ends  being  5  inches  and  8  inches 
respectively.  What  load  does  the  press  take  when  supplied  with  water 
at  a  pressure  of  1,400  lbs.  per  square  inch?  What  store  of  energy  can  it 
take  in,  in  foot-pounds,  if  it  can  rise  through  10  feet,  and  how  many 
gallons  of  water  are  required  for  the  operation?  (1  gallon  of  water  = 
10  lbs.)     (I.C.E.,  Feb.,  1901.) 

4.  Sketch  any  form  of  direct-acting  compensated  steam  pump,  ex- 
plaining the  action  of  the  compensator  by  reference  to  combined  diagrams. 
(I.C.E.,  Oct.,  1902.)    (See  Brown1*  Steam  Accumulator.) 
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HYDROKINETICS. 

C0HTKHT8. — Energy  of  Flowing  Water— Bernoulli's  Theorem— Jet  Pumps, 
Injectors  and  Ejectors -Hydraulic  Ram— Example  I. -Velocity -of 
Efflux  and  Flow  of  Water  from  a  Tank— Measurement  of  a  Flowing 
Stream — Rectangular  Gauge  Notch — Thomson's  Triangular  Notch — 
Measurement  of  Head — Measurement  of  Large  Streams— Horse-Power 
of  a  Stream — Vortex  Motion— Free  Vortex—Forced  Vortex — Pressure 
due  to  Centrifugal  Force — Reaction  of  a  Jet — Reduction  of  Pressure 
Round  an  Orifice — Impact  — Loss  of  Energy— Resistance  of  a  Pipe — 
Hydraulic  Mean  Depth— Loss  of  Head  due  to  Friction  in  Water  Pipes 
— Examples  II.  and  III.— Notes  on  Measurement  of  Streams,  <kc. — 
Questions. 

Energy  of  Flowing  Water— Bernouilli's  Theorem.— When  a  liquid 
is  flowing  in  a  pipe  or  channel,  it  possesses  kinetic  energy  in  virtue 
of  its  motion  in  addition  to  the  potential  energy  due  to  its  posi- 
tion and  pressure ;  and  the  total  energy  is  the  sum  of  these  three. 

Let  v  =  Velocity  of  the  liquid. 
„   hx  =  Length  of  its  pressure  column. 
„    h.t  =  Height  above  the  datum  level. 
„   H  =  Height  of  the  free  surface  of  the  still  water  above  the 

datum  level. 
„    m  —  Mass  of  the  portion  of  the  liquid  under  consideration. 
„     g  —  Acceleration  due  to  gravity. 
,,     /  =  Fractional  loss  of  head. 
Then, 

The  energy  of  pressure  =  vnghx 

„  of  position  =  mg  h.2 

And,  „  of  motion    =  £  m  t?2. 

Hence,  The  total  energy  -  mg  (hl  +  h2  +  -£-).    (I) 

Or,  Energy  per  unit  mass  =  g  (hl  +  h2  +  ^-)     .  (I0) 

It  follows  from  the  principle  of  the  Conservation  of  Energy 
that  so  long  as  no  work  is  spent  on  friction,  this  total  remains 
constant  whilst  the  water  flows  along  the  pipe  or  channel.  There- 
fore, for  a  frictionless  liquid  in  which  there  are  no  eddies  : — 

v2 
hl  +  A8  +  g—  =  a  constant  =  H.      •     •     .     (II) 
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If,  p  =  Pressure  per  unit  area  at  auy  point  in  the  liquid. 

And,      w  =  Weight  of  unit  volume  of  the  liquid, 

Then,    A1  =  £; 


w 


Hence,  £-  f  ha  +  6 —  -  a  constant  =  H.   .     . 

w  *g 

This  equation  is  known  as  Bernoulli? 8  Theorem. 

Gauge  Tube§ 


(in) 


PRK88URE8  IK  A  FrICTCONLESS  PlPE. 

If  a  certain  amount  of  energy  mgf  be  absorbed  by  friction 
between  some  vertical  datum  section  such  as  A  and  the  section 
under  consideration  which  may  be  at  B  or  C. 


Then, 


P 

W 


+  h2  + 


*9  +  f' 


a  constant  =  H. 


(IV) 


Let  a  =  The  cross  area  of  the  pipe  at  any  section. 

»     v  =     »    velocity  of  the  water  at  the  same  section. 

„  Q  =  „  quantity  or  volume  of  water  passing  every  section 
in  unit  time.  This  volume  is  constant  for  all 
sections  during  a  steady  flow  of  the  liquid. 

Q 

Then,  av  -  Q  ;  or,  v  =  - (V) 

This  shows,  that  the  velocity  is  great  when  the  cross  section 
of  the  pipe  is  small,  and  vice  versd. 

In  the  figure,  we  have  shown  small  vertical  gauge  tubes  placed 
at  intervals  A,  B,  C,  <fcc.,  along  the  pipe,  in  order  to  indicate  the 
pressure  of  water  at  these  points  by  the  height  to  which  it  rises  in 
them.  It  will  be  observed  that  where  the  pipe  is  level  or  nearly 
so,  the  pressure  is  greatest  where  its  cross  section  is  largest  and 
consequently  the  velocity  is  least.      This  follows  directly  from 
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ExiiAUbT  Steam  Ejector. 


Bernouilli's  theo- 
rem, since  the 
height  h2  above  the 
datum  level  is 
practically  con- 
stant. 

Jet  Pumps,  In- 
jectors, and  Ejec- 
tors. —  From  the 
previous  illustra- 
tion and  explana- 
tion of  the  altera- 
tion in  the  pressure 
of  water  as  it  flows 
through  a  pipe  of 
varying  size,  it  will 
be  readilj  under- 
stood that  if  a 
stream  of  water  be 
rapidly  forced 
through  a  tapered 
passage,  its  pres- 
sure may  be  so 
lowered  below  the 
surrounding  atmo- 
sphere, that  it  can 
draw  in  more  water 
from  another 
source  connected  to 
the  smaller  end  of 
the  taper.  If  the 
whole  of  the  water 
be  then  conducted 
along  a  gradually 
en'arged  passage, 
its  pressure  will 
increase  and  the 
outflow  can  take 
place  at  a  higher 
level  than  the  in- 
take of  the  induced 
stream,  but  lower 
than  the  free  sur- 
face of  the  driving 
water.      The   late 
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Prof.  James  Thomson,  of  Glasgow  University,  designed  his  jet 
pump  upon  this  principle,  and  Prof.  Bunsen  used  a  jet  of  water 
to  produce  a  vacuum  in  his  air  pump.  Steam  jets,  compressed 
air,  and  water  under  pressure,  have  frequently  been  used  to  create 
a  blast  of  air,  to  feed  petroleum  into  furnaces,  to  produce  a  sand 
blast  for  engraving  or  cleaning  purposes,  and  to  transfer  granular 
materials  from  one  position  to  another. 

Injectors  for  feeding  steam  boilers  with  water  also  work  upon 
this  principle ;  but  since  they  are  greatly  assisted  by  the  condensa- 
tion of  the  steam  as  it  comes  into  intimate  contact  with  the 
suction  water,  the  latter  can  be  forced  into  the  same  boiler  or 
another  vessel  having  the  same  pressure  as,  or  even  a  higher  pres- 
sure than,  that  which  supplies  the  injector  with  steam.*  Exhaust 
steam  ejectors  also  depend  upon  the  above  action,  and  are  some- 
times used  to  replace  both  the  ordinary  jet  condenser  and  air 
pump  iti  connection  with  condensing  engines.  As  will  be  seen 
from  the  accompanying  figure,  when  the  regulating  stop  valve  is 
screwed  upwards  by  turning  the  hand-wheel,  the  exhaust  steam 
from  the  engine  cylinder  enters  by  the  right-hand  upper  pipe  and 
mixes  with  cold  water  coming  through  the  left-hand  one,  thereby 
b<  coming  condensed  and  producing  the  desired  vacuum.  The 
combined  condensed  steam  and  condensing  water  then  flow  from 
the  delivery  pipe  into  the  hot  well,  whilst  any  throttled  discharge, 
or  some  of  the  live  steam  that  may  have  been  used  for  blowiug 
through  and  starting  the  ejector,  can  escape  into  the  same  place  by 
the  overflow  pipe.  As  we  shall  prove  further  on,  apparatus  of 
this  kind  cannot  have  a  very  high  efficiency  since  the  mixing  up 
of  quick  and  slow  moving  streams  results 
in  a  considerable  loss  of  mechanical 
energy. 

Hydraulic  Ram.— This  apparatus  was 
invented  about  100  years  ago  by  a 
Frenchman  named  Montgolfier.  It  is 
one  of  the  simplest,  most  durable,  and 
efficient  machines  for  raising  water  to 
a  greater  height  than  the  source  of 
supply.  The  energy  stored  up  in  water 
descending  from  a  comparatively  low 
elevation  is  utilised  to  raise  part  of  the 
same  water  to  a  much  higher  level,  of 
from  three  to  thirty  times  the  vertical 
height  of  the  original  fall.  The  prin- 
ciple upon  which  the  apparatus  works  will  be  understood  from 

*  For  a  description  of  Giflard's  and  other  steam  injectors  see  the  author's 
Text-Book  on  Steam  and  Steam  Engines, 
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a  consideration  of  the  foregoing  figure.  If  the  valve  Y  be 
held  down  firmly  on  its  seat,  and  the  left-hand  vessel  be  filled 
with  water  to  a  certain  height,  it  will  rise  to  the  same  level  in 
the  right-hand  open  pipe.  If  the  valve  be  now  released  for  a 
short  time,  water  will  flow  under  the  action  of  gravity  along 
the  horizontal  passage  and  escape  at  the  open  valve  with  a 
velocity  proportional   to   the   square   root   of   the   "  head  "  or 

vertical  height  of  the 
free  surface  above  the 
valve.  On  suddenly 
closing  the  valve,  the 
kinetic  energy  of  the 
moving  water  will  be 
partly  spent  in  raising 
the  right-hand  column 
to  a  greater  height  than 
the  free  surface  of  the 
water  in  the  left-hand 
vessel.  Now,  if  we  in- 
troduce a  check  valve  at 
the  foot  of  the  long 
column,  so  as  to  prevent 
this  water  from  falling 
down  again,  and  an  air 
vessel  to  act  as  a 
cushion,  we  can  repeat 
the  operation  contin- 
ually, so  as  to  produce  a 
flow  of  water  up  the 
pipe. 

The  machine,  as  made 
and  supplied  by  the 
Gle  .field  Company  of 
Kilmarnock,  is  illus- 
trated by  a  vertical 
section  and  plan  in 
the  accompanying 
figure.  Water  flows  from  a  cistern,  tank,  pond,  or  dam,  through 
a  cast-  or  wrought-iron  pipe,  technically  called  the  drive  pij  e 
D  P,  to  a  hollow  casting  containing  two  valves.  The  first  of 
these  is  named  the  escape  or  dash  valve  D  Y,  which  opens 
downwards,  and  the  other  the  check  valve  C  V,  which  opens 
upwards.  Over  the  latter  is  fixed  an  air  vessel  AV,  having 
a  manhole  door  M  H  to  the  left  and  a  delivery  pipe,  which 
is  technically  termed  a  rising  pipe  R  P,  to  the  right.     If  the 
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Hydraulic  Ram,  by  the  Glen  field 
Company,  Kilmarnock. 


HYDRAULIC  RAM.  463 

apparatus  and  all  the  pipes  are  duly  connected  to  the  supply 
and  delivery  tanks,  and  the  dash  valve  D  V  be  held  up,  until 
the  water  from  the  source  of  supply  has  filled  not  only  the  drive 
pipe  D  P,  but  also  risen  through  the  check  valve  C  V  and  rising 
pipe  RP  to  nearly  the  same  level  as  the  free  surface  in  the 
supply  tank,  the  whole  will  remain  motionless  or  in  a  static 
condition.  If  we  now  depress  the  dash  valve  D  V,  and 
then  let  it  go,  the  machine  will  immediately  begin  to  work, 
and  continue  to  work  automatically  without  any  attention  or 
even  oiling  for  years,  until  stopped  by  some  accident  or  by  the 
wearing  out  of  one  or  both  of  the  valves.  Of  course,  the  supply 
of  water  must  be  maintained,  so  that  the  drive  pipe  is  always 
kept  full.  This  pipe  should  not  be  throttled  in  any  part,  and 
the  weight  on  the  dash  valve  must  be  so  carefully  adjusted, 
that  it  will  just  overcome  the  internal  pressure — i.e.,  drop  from 
its  seat — and  permit  water  to  escape  thereat.  Then,  the  acce- 
leration produced  by  gravity  on  the  water  coming  down  the 
drive  pipe  very  soon  produces  a  greater  pressure  on  the  dash 
valve  than  that  due  to  the  mere  static  pressure.  This  increased 
force  suddenly  raises  it  again  to  its  seat,  when  the  kinetic 
energy  which  has  been  imparted  to  the  water  lifts  the  check 
valve  and  forces  some  water  into  the  air  vessel.  Whenever 
this  kinetic  energy  has  been  spent,  the  compressed  air  in  the  air 
vessel,  together  with  the  weight  of  the  check  valve,  causes  it  to 
close,  and  immediately  thereafter  the  dash  valve  automatically 
op^ns.  The  same  cycle  of  operations  takes  place  over  and  over 
again,  the  air  in  the  air  vessel  gets  more  and  more  compressed, 
and  water  rises  higher  and  higher  in  the  rising  or  delivery  pipe, 
until  it  issues  as  a  continuous  stream  from  its  mouth  into  the 
cistern  or  receiving  tank.  From  this  tank  it  may  be  drawn  off 
at  pleasure  for  all  the  various  uses  of  a  mansion-house  or  farm 
steading,  <fcc. 

The  air  vessel  plays  two  important  parts  in  each  cycle  of  the 
operations  of  this  interesting  and  useful  apparatus.  (1)  The  air 
contained  therein  acts  as  a  cushion  by  minimising  the  water 
hammer  action,  which  would  otherwise  stress  the  various  parts, 
and  tend  to  break  the  joints.  (2)  The  air  acts  as  a  store  of 
energy  by  taking  up,  during  its  compression,  a  part  of  the 
kinetic  energy  of  the  water,  and  then  giving  out  the  same 
gently,  thus  producing  a  constant  flow  of  water  through  the 
delivery  pipe.  If  the  vertical  height  of  the  column  of  water  in 
the  rising  pipe  be  about  34  feet  above  the  check  valve,  the 
pressure  per  square  inch  on  the  upper  surface  of  this  valve  will 
be  one  atmosphere,  or,  say,  15  lbs.  on  the  square  inch,  and  the 
air  in  the  air  vessel  will  be  compressed  to  nearly  <ihat  pressure, 
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and  therefore  occupy  about  half  its  original  volume.  If  the 
column  be  68  feet  high  in  the  delivery  pipe,  the  pressure  on  the 
valve  will  be  about  30  lbs.  on  the  square  inch,  and  the  air  in 
the  air  vessel  will  occupy  one-third  of  its  original  volume,  and 
so  on.  Hence,  it  is  necessary  to  proportion  the  size  of  the  air 
vessel  to  the  vertical  height  through  which  the  water  has  to  be 
forced  in  the  delivery  pipe.  Besides  this,  air  becomes  absorbed 
by  water,  and  in  a  short  time  the  air  vessel,  if  small,  would 
become  entirely  filled  with  water.  The  air  vessel  may,  however, 
be  kept  charged  with  air  in  a  very  simple  manner  by  the  intro- 
duction of  a  snifter  valve  S  V,  screwed  into  the  ram  casing, 
immediately  below  the  check  valve.  In  its  simplest,  and  pro- 
bably its  most  efficient  form,  it  consists  of  a  brass  plug  with  a 
very  small  hole  drilled  through  its  axis.  Every  time  that 
water  is  forced  through  the  check  valve  a  very  small  quan- 
tity also  passes  through  this  tiny  opening  in  the  snifter  valve ; 
and  each  time  that  the  check  valve  i*  forced  down  upon  its  seat 
a  rebound  or  reaction  of  the  water  takes  place,  and  produces  a 
partial  vacuum  immediately  underneath  the  check  valve.  Con- 
sequently, a  little  air  is  forced  into  this  vacuum  by  the  atmo- 
spheric pressure,  and  this  air  is  carried  up  into  the  air  vessel  at 
tlie  next  stroke  or  pulsation,  thus  keeping  up  the  necessary 
supply  for  effecting  a  continuous  flow  of  water  into  the  receiving 
tank.  If  everything  about  this  machine  is  thoroughly  tight 
and  in  good  working  order,  and  the  valves  are  made  of  the  best 
proportions  and  weights,  an  efficiency  of  from  80  to  90  per  cent, 
can  be  obtained  therefrom,  and  it  has  been  found  possible  to 
work  it  with  a  minimum  driving  head  of  only  three  feet.  The 
several  causes  for  loss  of  efficiency  are : — 

(1)  Eddies  caused  by  the  sudden  stoppage  of  the  water's 
motion. 

(2)  The  friction  of  the  water  passing  along  the  drive  pipe 
D  P,  and  the  casing  of  the  apparatus. 

(3)  The  weight  and  friction  of  the  dash  valve  D  V,  which  has 
to  oe  lifted  at  each  stroke  or  pulsation. 

(4)  The  weight  and  friction  of  the  check  valve  0  V,  which 
has  also  to  be  lifted  at  each  stroke. 

(5)  The  slip  of  the  check  valve  C  V — i.e.,  a  slight  quantity  of 
water  may  slip  back  past  this  valve  when  in  the  act  of 
closing. 

(6)  The  friction  of  the  water  passing  along  the  rising  pipe  R  P. 

(7)  Any  defects  of  tightness  in  the  faces  of  the  dash  and 
check  valves. 

The  sudden  closing  of  the  dash  valve  is  only  necessary  to  pre- 
vent the  water  spending  a  large  portion  of  its  energy  in  friction 
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at  the  restricted  orifice  while  it  is  closing.  Large  rams  are  now 
made  with  special  valves  to  stop  the  water  gradually  without 
throttling  it,  and  so  avoid  the  shocks  caused  by  sudden  closing 
without  losing  anything  in  efficiency.* 

Example  I. — If  1,000  lbs.  of  water  pass  per  minute  through 
the  drive  pipe  under  a  head  of  6  feet,  and  60  lbs.  of  water 
are  delivered  into  the  receiving  tank,  which  is  87  feet  above  ihe 
check  valve,  what  is  the  efficiency  ? 

^^  .  work  got  out  ,.     ,,  x.      x 

Efficiency  = i     — *-=—  (ln  the  same  time). 

*      work  put  j"   v  ' 


in 


=  •87 


Or, 


M  .  87  x  60 

Efficldncy  =  671000 


Efficiency  =87  per  cent. 


If  the  length  of  the  drive  and  rising  pipes  be  considerable, 
and  if  there  be  many  bends  and  much  throttling  of  the  passages, 
then  the  efficiency  will  thereby  be  reduced  to  a  considerable 
extent  By  a  simple  modification  of  the  ram  shown  in  the 
illustration,  river  or  impure  water  may  be  made  to  raise  spring 
or  pure  water;  the  two  waters 
are  separated  by  a  diaphragm, 
and  the  pumping  action  actu- 
ates two  valves,  the  one  being 
a  suction  and  the  other  a  de- 
livery valve. 

Velocity  of  Efflux  and  Flow 
of  Water  from  a  Tank.— Con- 
sider a  jet  of  Water  issuing  from 
a  small  circular  orifice  A  at  a 
depth  h  below  the  free  surface 
of  the  water  in  the  tank.  If 
we  take  the  datum  line  at  the 
orifice,  then  inside  the  vessel, 
where  the  water  is  still,  the 
energy  is  entirely  poteutial  and  equal  to  mgh;  whereas,  it  is  all 
kinetic  just  outside  the  opening  and  amounts  to  \  m  v2. 

Hence,  ^mv2  =  mgh;  or,  v2  =  2 g h ; 

i.e„  v  -  s/lgT. (VI) 

It  will  be  observed  from  this  equation  (VI)  that  the  velocity 

#  See  §  30  of  Gordon  Blaine's  Hydraulic  Machinery  for  an  illustrated 
description  of  Mr.  H.  D.  Poarsall's  improved  hydraulic  ram. 


Efflux  of  Water  from  a 
Circular  Orifice. 
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v  is  the  game  as  that  attained  by  a  body  in  falling  freely  from  a 
height  h  \  and  further,  that  it  would  be  the  same  even  if  the  water 
had  no  free  surface,  so  long  as  the  pressure  at  the  level  of  the 
orifice  was  equal  to  that  due  to  a  head  h. 

If  there  be  a  loss  of  head  /  due  to  friction  and  eddies  formed  by 
the  water  in  passing  through  the  orifice, 

Then,     bmv*  =  mg(h-f);  or,  v  =  s/2g(h  -/).       (VII) 

If,      a  =  The  cross  area  of  the  orifice  in  square  feet. 


r  = 

v  = 

h  = 

9  = 

AndQ  = 


radius  of  the  orifice  in  feet. 

average  velocity  of  the  water  in  feet  per  second. 

head  of  the  water  in  feet. 

acceleration    due   to   gravity   or   3 2  2   feet   per 

second  per  second, 
quantity  of  water  flowing  out  from  the  orifice  in 

cubic  feet  per  second. 

We  find  from  equations  (V)  and  (VI)  that  :— 

Q  =  a  v  =  a  s/2  g  h  cubic  feet  per  second. 

This  formula  is  very  nearly  true  for  a  small  tapered  opening, 
but  with  a  flat  one,  as  shown  in  the  next  figure,  the  cross  area  of  the 


Efflux  of  Water  from  a 
Vertical  Flat  Orifice. 


Efflux  of  Water  from  a  Hori- 
zontal Flat  Orifice.* 


stream  where  the  stream  lines  are  parallel,  at  a  short  distance  out- 
side the  opening,  is  less  than  that  of  the  orifice.  The  ratio  of  these 
two  areas  is  called  the  coefficient  of  contraction,  and  it  is  found 
ex  peri  men  tally  for  a  flat  opening  to  be  0*64.  The  contraction  is 
caused  by  the  water  flowing  along  the  inner  flat  surfaces  E  F  and 
G  H  and  then  leaving  them  at  a  tangent.  It  has  also  been  found 
by  experiment  that  for  a  sharp-edged  orifice  the  velocity  v  is  only 

*  By  mistake  the  figure  has  been  drawn  with  a  vortox,  but  when  measur- 
ing water  we  must  prevent  the  formation  of  a  vortex  by  putting  in  radial 
blades. 
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0  97  *J2  g  h.     Hence,  the  actual  flow  for  a  small  circular  orifice 
will  be : — 

Q  =  0-64  a  x  0-97  JYJh  =  062  a  s/2jh 

Q  =  0*62  vr-j2  j  h  cubic  feet  per  second.       (VIII) 

In  measuring  a  small  flow  of  water  by  this  method,  it  is  run 
into  a  tank  having  a  carefully  made  clean  cut  orifice  of  known 
area,  until  the  surface  level  is  just  sufficiently  above  the  outflow 
to  cause  the  water  to  run  out  as  fast  as  it  runs  into  the  tank. 
This  difference  of  level,  or  head  A,  is  measured  and  the  above 
formula  applied. 

Accurate  results  cannot  be  obtained  from  a  large  circular  open- 
ing placed  in  the  side  of  a  tank,  because  the  parts  of  it  would  have 
different  depths  from  the  free  surface,  and  consequently  the  water 
would  have  different  velocities  at  these  parts.  If  we,  however, 
put  the  orifice  in  the  bottom  of  the  tank,  as  shown  in  the  right- 
hand  figure,  then  the  velocity  will  be  approximately  the  same  at 
all  parts  of  the  opening,  and  we  can  enlarge  it  so  as  to  measure 
a  much  greater  flow  of  water. 

Measurement  of  a  Flowing  Stream.  -In  order  to  ascertain  the 
available  power  from  a  stream  or  river,  as  well  as  to  test  the 
efficiency  of  a  hydraulic  installation,  it  is  of  the  first  importance  to 
determine  the  rate  of  flow — i.e.,  the  number  of  cubic  feet  or  gallons 
of  water  passing  a  given  point  per  unit  of  time.  At  first  sight, 
this  would  appear  to  be  a  very  simple  matter;  but,  as  will  be 
shown,  it  is  not  so  easy  to  do  so  with  accuracy,  for  several  special 
precautions  have  to  be  observed  and  constants  obtained. 

Rectangular  Gauge  Notch. — When  we  have  to  measure  large 
quantities  of  moving  water,  then  such  orifices  as  we  have  pre- 
viously dealt  with  are  quite  unsuitable.  In  such  cases,  it  is  usual 
to  pass  the  whole  of  the  water  over  a  special  form  of  weir  or  gauge 
notch.  This  consists  of  a  board  placed  across  the  stream  between 
stakes  and  carefully  puddled,  so  that  all  the  water  must  flow  over 
it  The  top  bevelled  edge  of  this  board  must  be  well  above  the 
surface  of  the  water  on  the  delivery  side.  The  length  of  the 
notch  is  usually  less  than  the  width  of  the  stream,  and  the  board 
should  be  continued  from  each  end  in  a  straight  line  (as  shown  in 
the  perspective  view)  so  as  to  give  definite  conditions ;  or  parallel 
guides  may  be  placed  in  the  stream  before  the  gauge  board.  In 
the  former  case,  the  inflow  of  water  at  the  ends  of  the  notch  board 
causes  end  contraction,  while  in  the  latter,  this  effect  is  avoided.  In 
each  case,  contraction  of  the  stream  is  caused  by  the  water  flowing 
upwards  from  E  to  F,  as  shown  by  the  sectional  figure  a  few  pages 
further  on.     Further,  the  surface  directly  over  the  notch  board  is 


•468 


LECTURE   XXXV. 


lower  than  that  of  the  still  water  in  the  pond  above  the  board.     If, 
however,  we  neglect  these  effects  we  see  that  with  different  lengths 


Perspective  View  of  a  Rectancjular  Gauoe  Notch. 

of  notch  board  the  total  flow  will  be  proportional  to  its  length. 

Now,  consider  any  horizontal  strip  of  the  cross  section  of  the 

stream  over  the  notch  (say, 
one-thousandth  of  its  total 
depth);  then,  if  we  increase 
the  depth  of  the  stream 
over  the  notch,  the  vertical 
width  of  this  strip  and  con- 
sequently its  area  will  be 
proportionally  increased,  as 
well  as  its  depth  below  the 
free  surface  of  the  water. 
But  the  velocity  of  the 
water  passing  through  this 
strip  varies  as  the  square 
root  of  its  depth,  and  the 
quantity  as  the  area  multi- 
plied by  the  velocity.  This 
result  will  hold  good  for 
each  elementary  strip,  and 
Front  View  and  Plan  of  a  Rec-  will>  therefore,  apply  to  the 
tanoulab  Uauue  Notch.  whole  stream. 


RECTANGULAR  GAUGE  NOTCH,  4GU 

Hence,     Q  cc  a  v  oc  h  x   tjlv  oc  h*  for  different  depths ; 

And,        Q  oc  b  for  different  breadths  of  stream  at  the  notch ; 

/.  Q  =  h  b  ifi  for  a  rectangular  notch (IX) 

Here,  k  is  a  coefficient  of  discltarge  which  must  be  found  by 
experiment.  This  equation,  however,  would  not  give  us  accurate 
results  if  the  proportions  of  the  stream  passing  the  notch  were 
much  different  from  that  used  to  determine  the  constant  k.  With 
a  very  long  shallow  notch  a  considerable  error  will  arise  from 
the  fact,  that  the  water  may  adhere  to  the  horizontal  bevelled 
edge,  and  with  a  very  deep  narrow  notch  a  similar  effect  would  be 
produced  by  the  bevelled  sides.  The  above  formula  is  often  used 
and  is  quite  correct  for  similar  streams ;  but  if  the  flow  is  variable, 
the  depth  will  change  with  the  flow  of  the  water  while  the  breadth 
remains  constant,  so  that  the  proportions  of  the  stream  obtained 
with  different  flows  in  a  gauge  notch  of  this  kind  are  not  the 
bame.     [See  Note  1  at  the  end  of  this  Lecture  for  Mr.  Ritchie's  Rule.) 

The  late  Professor  James  Thomson  showed  how  we  may  obtain 
a  formula  which  will  apply  to  all  ordinary  proportions  of  rectan- 
gular notches.  In  the  central  part  of  the  stream  the  lines  of  flow 
are  practically  parallel  and  unaffected  by  the  sides  of  the  notch. 
Consequently,  the  water  passing  through  this  part  will  be  propor- 
tional to  its  breadth.  Suppose  the  influence  of  each  end  to  extend 
perceptibly  to  a  distance  x  h  from  it.  Then  the  breadth  of  the 
central  part  will  be  b  -  2xh.  Consider  a  portion  of  this  central 
part  whose  breadth  is  equal  to  h.  This  will  be  a  square  and 
therefore  similar  for  different  sizes  of  stream.  Hence,  since  the 
area  is  proportional  to  h2,  and  the  velocity  to  ^//t,  the  flow  through 
this  square  will  be : — 

kx  x  h2  sfh  or  kx  h* 
where  kx  is  a  constant. 

Consequently,  the  flow  through  the  whole  of  the  central  part 
(b  -  2xh)  will  be:— 

b    -    2  v  h  R  4 

h     *lh  =  kl(b  "  2xh)h*' 

If  we  bow  imagine  the  two  side  portions  to  be  placed  together, 
we  will  get  another  stream  which  will  be  of  similar  form  whatever 
its  actual  size  may  be ;  for,  it  will  always  be  a  rectangle  of  depth 
h  and  length  2  x  h.     Consequently  the  flow  through  this  will  be : — 

k2  x  2xh  x  h*  =  2k2xh^ 
where  k%  is  another  constant. 
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Hence,  the  flow  of  the  whole  stream  will  be  : — 
Q  =  k^b  -  2xh)h*  +  2k2xh* 

x(k    -  k  ) 
If  we  write  c  for  -— V ™  which  is  a  constant,  we  get: — 

Q  =  Ax{6  -  2c/j}A* (X) 

If  one  of  the  sides  of  the  stream  had  a  guide  board  we  should 
have  had  x  throughout  instead  of  2  x,  and  therefore  c  h  in  our 
final  results  instead  of  2  c  h.  '  If  both  sides  of  the  stream  be  guided, 
this  term  would  disappear  and  we  would  get  the  former  result. 

Mr.  Francis,  au  American  engineer,  deduced  the  following 
empirical  formula  from  a  large  number  of  experiments  which  he 
made : — 

Q  =  3-33  (6  -  ^n  *)  h*  cubic  feet  per  second.      (Xa) 

Here  n  is  the  number  of  end  contractions  (viz.,  2,  1,  or  0,  as 
explained  above),  and  the  units  employed  are  feet  and  seconds. 
It  .should  be  noted  that  this  equation  is  of  the  same  form  as  the 
previous  one,  and  that  neither  is  applicable  to  a  notch  whose  length 
k  less  than  2  x  h. 

Thomson's  Triangular  Notch. — Professor  James  Thomson  pro- 
______     posed  and    us  d  a  gauge 

mmmm^7%     7     notch    in    the  form   of  a 
~!aw /  \      right -angled   isosceles  tri- 

angle with  its  sides  equally 
inclined  to  the  vertical.  It 
has  the  advantage  of  giving 
a  similar  form  of  stream 
whatever  may  be  the  size 
of  the  notch  or  the  height 
of  the  water  passing 
through  it,  and  is,  there- 
fore, more  accurate  for 
measuring  variable  streams.  As,  however,  less  water  is  passed  for 
a  given  height  than  with  the  rectangular  notch,  it  is  not  so  con- 
venient for  large  flows ;  but  by  cutting  a  number  of  such  notches, 
side  by  side  like  the  teeth  of  a  saw,  considerable  quantities  of 
water  may  be  dealt  with. 

If  we  consider  corresponding  elements  of  two  such  notches,  we 
Bee  that  their  areas  are  proportional  to  the  square  of  their  depths, 


hU 


Thomson's  Triangular  Gauge  Notch, 
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whilst,  as  before,  the  velocities  of  the  water  are  as  the  square  roots 
of  the  depths.     Hence,  the  flow  through  a  V  notch  will  be  : — 

Q  =  k  x  h2  x  s/h  =  h  A*  cubic  feet  per  second.       (XI) 

In  this  case,  the  coefficient  of  discftarge  k,  has  been  found  by 
careful  experiment  to  be  2*64. 

Measurement  of  Head. — When  using  either  of  the  previously 
mentioned  notches  for  determining  the  flow  of  a  stream  or  river 
we  must  ascertain  the  head  h,  with  great  accuracy.  This  may  be 
done  by  aid  of  a  level,  straight  edge,  graduated  staff,  and  a  bent 
wire  or  hook-gauge  in  the  following  manner  : — 

Drive  the  vertical  stake  V  S,  into  the  bed  of  the  stream  at 
a  position  above  the  notch  where  the  surface  has  no  appreciable 
velocity.  To  obtain  such  a  posi- 
tion the  pond  above  the  weir 
should  not  be  too  small.  Level 
a  straight  edge  S  E,  by  the  level 
L,  with  its  lower  edge  resting  on 
the  inner  edge  F,  of  the  bevelled 
board  and  on  the  point  of  the 
hook-gauge.  Note  the  position 
Rx  on  V  S,  opposite  a  mark  M, 
on  the  longer  limb  H  G.  This 
gives  us  once  for  all  the  zero  from 
which  to  reckon  h. 

When  the  water  is  flowing  in 
the  normal  condition  for  making 
the  test,  raise  H  G  until  the 
point  P  just  touches  the  surface  of  the  water  and  note  the  read- 
ing R2  on  V  S  opposite  M,  as  shown  by  the  full  outlined  hook  in 
the  figure.  The  difference  between  this  reading  and  the  former 
one  gives  the  head  h. 

As  may  be  seen  from  the  previous  formulae  any  mistake  made 
in  determining  h  will  produce  a  larger  percentage  error  in  the 
result  with  the  V  and  rectangular  notches  than  with  an  orifice  in 
the  bottom  of  a  tank.  The  latter  is,  therefore,  preferred  where 
great  accuracy  is  desired  and  the  quantity  of  water  is  not  too 
large,  such  as  when  measuring  the  circulating  water  used  by  a 
steam  engine. 

Measurement  of  Large  Streams. — When  it  is  inconvenient  or 
impracticable  to  place  a  weir  gauge  in  a  river,  then  the  flow  may 
be  estimated  by  measuring  the  cross  section  a,  of  the  river  and 
finding  its  mean  velocity  v,  at  that  section  : — 


Sf.^, 


Apparatus  for  Measuring 
Head  of  Water. 


Then,  as  before, 


Q  =  av. 
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To  do  this,  a  number  of  equidistant  points  are  marked  along 
a  rope  which  is  then  stretched  across  the  river  at  right  angles  to 
the  direction  of  the  current  By  means  of  a  graduated  pole  the 
depth  at  each  of  these  points  is  ascertained  from  a  boat  The 
results  are  then  plotted  to  scale  and  give  us  a  cross  section  of 
the  river  and  an  estimate  of  its  sectional  area.  The  surface 
velocity  at  midstream  may  be  roughly  found  by  noting  the  time 
taken  for  a  float  to  move  a  given  distance  down  stream,  and  the 
mean  velocity  may  be  taken  as  0*65  of  this.  It  is,  however, 
much  more  accurate  to  ascertain  the  velocity  at  a  number  of  points 
of  the  section  by  means  of  a  current  meter  and  then  calculate  the 
mean  value.     The  following  illustration  shows  a  current  meter 


Elliott's  Currknt  Meter. 

made  for  this  purpose  by  Messrs.  Elliott  Brothers,  London.  It 
has  a  screw-shaped  vane  V,  which  is  rotated  by  the  water 
flowing  past  it.  The  revolutions  of  this  vane  are  counted  by  the 
wheel  W,  which  is  driven  by  a  worm  on  the  same  spindle  as  the 
vane.  When  the  apparatus  is  immersed  by  means  of  the  rod  R  to 
the  required  depth,  with  the  vane  pointing  up  stream,  the  cord  C 
is  pulled  up  and  kept  tight  for  a  definite  interval  of  time.  This  cord 
is  attached  to  the  end  of  a  lever  which  carries  the  bearings  of  the 
counting  wheel  and  is  pushed  down  by  a  spring  E.  The  wheel  only 
gears  with  the  worm  when  the  cord  is  pulled,  and  the  reading 
gives  the  number  of  revolutions  of  the  vane  from  which  the  velo- 
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city  of  the  water  may  be  deduced.     F  is  a  rudder  to  keep  the 
appaiatus  pointing  directly  upstream. 

Horse-Power  of  a  Stream.— After  having  obtained  the  quantity 
of  water  flowing  in  a  stream,  we  have  only  to  measure  the  avail- 
able head  in  order  to  find  its  horse-power  H.P.  Tho  head  may  be 
measured  in  feet  by  aid  of  a  surveyor's  level  and  staff.  Then,  if  w 
be  the  weight  of  a  cubic  foot  of  water,  and  W  the  weight  of  the 
total  flow  of  water  per  second,  we  get : — 


Q  =  av.     AndW  =  Qw. 


Hence,     H.P. 


ft. -lbs.  per  second       h  x  Q  w 


550 


550 


62-5 


H.P.  =  ^  x  h  Q  =  0114  h  Q  =  0114  hav.      (XII) 


Vortex  Motion. — A  whirling  mass  of  fluid  is  termed  a  vortex 
and  may  be  either  forced  or  free,  A  free  vortex  is  one  which  can 
be  formed  naturally,  as  when  water  flows  through  a  hole  at  the 
bottom  of  a  basin,  and  is  such,  that  the  energy  of  the  fluid  per  unit 
mass  is  the  same  at  all  points  in  it.  A  forced  vortex  can  only 
be  produced  artificially,  and  in  it  the  energy,  of  the  fluid  is  different 
at  different  places.  Such 
a  vortex  may  be  obtained 
by  rotating  a  cup  contain- 
ing water. 

Free  Vortex. — From  the 
above  condition  of  con- 
stant energy,  the  velocity 
at  a  point  A,  on  the  sur- 
face of  the  vortex  and  at 
a  depth  h  below  the  level 
of  the  still  water,  must  be 
the  same  as  that  due  to  a  Fwus  Vortex. 

body  falling  freely  from  a  height  h. 

A  particle  on  the  surface  of  the  vortex  is  acted  upon  vertically 
by  its  own  weight  mg,  and  horizontally  by  a  centrifugal  force 

.     The  resultant  of  these  two  forces  must  make  an  angle  4, 

with  the  vertical,  so  that : — 
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m 


V* 


tan  A  = =  —  B  — . 

m  g       gr         r 

Here  m  is  the  mass  of  the  particle  and  r  the  radius  of  the  circle 
in  which  it  revolves. 

This  resultant  must  also  be  perpendicular  to  the  surface  of  the 
fluid  at  A,  since  the  fluid  cannot  resist  any  shearing  component. 
Consequently,  if  the  slope  of  the  surface  at  A.  be  tan  09 


Or, 


.    (XIII) 

Here,  c  is  a  constant  of  integration  which  will  depend  on  the 
size  of  the  vortex.     It  is  the  radius  of  the  vortex  at  unit  depth. 

Since  the  total  energy  is  the  same  at  all  places  in  the  fluid  and 
the  pressure  at  B  due  to  the  column  BC,  just  makes  up  for  the 
lower  level  of  B,  the  velocity  in  any  thin  vertical  tube  of  fluid 
such  as  B  0  must  be  constant  and  equal  to  that  at  the  surface  of 
the  tube. 

A  vortex  of  this  kind  was  applied  to  centrifugal  pumps  with 
radial  blades  by  Professor  James  Thomson  in  order  to  convert,  as 
far  as  possible,  the  kinetic  energy  of  the  water  into  potential 
energy.  The  vortex  commences  at  the  circumference  of  the  wheel 
and  the  radial  component  of  the  water's  motion  is  outward. 

Forced  Vortex. — In  a  vortex  whose  angular  velocity  w  is  con- 
stant throughout,  we  have  at  any  point  A  on  the  surface  :— 

Centrifugal  force  =  m  r  «2, 

m  r  w*      r  «*. 


dh 

""  dr 

tan  6  = 

2h 

r  ' 

dh 
2h~ 

dr 

"    r' 

41og/*  = 

-  log  r 

+  log<^ 

logs/h  = 

■  lo8 1> 

h  = 

r* 

tan  0  = 

dh 
dr 


mg 


—  r. 

9 

—  rcn 

r. 

9 

«*r* 

V* 

*9  " 

if 

Or,  dh 

A  =  ^«£- (XIV) 
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This  is  the  equation  to  a  parabola  with  its  axis  vertical,  and, 
therefore,  the  surface  of  the  vortex  will  be  the  paraboloid  formed 
by  rotating  this  parabola 
about  its  axis.  The  velo- 
city of  any  particle  D,  on 
the  surface  of  the  vortex  is 
that  which  would  be  at- 
tained by  a  body  falling  a 
distance  equal  to  DC.  The 
kinetic  and  potential  ener- 
gies are  both  least  at  the 
centre  B,  and  become  greater 

as  we  move  upwards  or  out- 

wards.     We  have  a  vortex  - 

of  this  kind  in  the  wheel  of  Forced.  Vortex. 

a  centrifugal  pump  with  radial  blades. 

Pressure  due  to  Centrifugal  Force. — When  a  liquid  is  rotating, 
its  pressure  is  not  the  same  for  all  points  on  one  level.  Thus,  in 
the  previous  figure  the  pressure  at  B  is 
atmospheric,  while  at  the  point  C  on  the 
same  level,  the  pressure  is,  in  addition, 
that  due  to  the  head  C  D. 

Consider  a  uniform  column  of  liquid 
B  C,  rotating  round  the  axis  B  F,  with 
an  angular  velocity  w  and  cross  sec- 
tion a.  Then,  if  p  be  the  density  of 
the  liquid,  the  centrifugal  force  due  to  a  small  element  of  length 
dr,  at  a  distance  r  from  the  axis  is  : — 

padr  x  w*r. 

,\    The  total  centrifugal  force  of  the  column  BC  =  fa  &fr  d  r. 

This  force  is  spread  over  an  area  a,  at  the  end  C,  and  we  must 
divide  it  by  this  area  to  get  /?,  the  pressure  per  unit  area.  If  the 
whole  column  from  B  to  C  is  full  of  liquid  :  — 


_-r, ^ 

*j& I 

III  \c 


Whirling  Column. 


Then, 


p  =  p»*r  rdr  =  \p*>2r\  =  \pv\* 


(XV) 


But,  if  the  part  of  the  column  from  B  to  E  is  empty  : — 

r 


Then,  p-fW"rrfr-Jf*(f»-/2).    .     .     (XV„) 
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Students  who  are  not  acquainted  with  the  integral  calculus  will 
understand  the  following  proof  of  these  equations. 

The  centre  of  gravity  of  B  C  is  at  a  distance  of  £  B  C  from  B. 

•\    Centrifugal  force   due   to)       „„„    „     ori       i«~^J* 
the  whole  column  BC     }  =  par*  X  "   2  =  i"*ri ' 

The  centre  of  gravity  of  the  part  E  C  is  distent  -^ — 2  from  B. 


ri±Jj 


Or,  h  =  y~  (fr8  before). 


/.  Centrifugal  force  due  to  E  0  =  p  a  (rx  -  r2)  ca 

»  »  =  \  P  a  w2  (r\  -  r\  ). 

This  formula  may  be  applied  to  finding  the  equation  for  the 
forced  vortex.  For,  in  the  figure  of  the  forced  vortex,  if 
B  C  =  r,  and  C  D  =  h,  then,  p  —  hw  =  hpg. 

Therefore,  from  equation  (XV),  we  get : — 

hpg  =  \pv\ 

Reaction  of  a  Jet.— In  general,  when  a  fluid  issues  from  an 
orifice  it  exerts  a  force  on  the  vessel  which  contained  it.  This 
force  is  the  reactiou  of  the  jet,  and  is  due  to  the  momentum  given 
to  the  escaping  fluid. 

Let  v  =  Velocity  of  efflux. 
„    w  =  Weight  of  unit  volume  of  the  fluid. 
„  W  =  Weight  of  fluid  issuing  per  second. 
„   m  =  Mass  issuing  per  second. 
„    Q  =  Quantity  or  volume  issuing  per  second. 
„    F  =  Force  exerted  on  the  vessel  containing  the  fluid. 

Then,  the  momentum  given  to  the  water  per  second  =  mv. 
And,  since  force  is  the  rate  of  change  of  momentum  : 

w  W 

r  =  m  v  =  —  v. 

9 
But,       W=*wQ  =  wav. 

.p  W  wav2       wa  .  2  oh 

lv  =  ~9 ~--^wah.    (XVI) 

This  formula  also  gives  the  force  acting  on  a  vane  of  a  turbine 
or  waterwheel  which  alters  the  direction  of  flow  of  the  water,  and 
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in  that  case,  v  is  the  change  of  velocity  produced  by  the  vane.  In 
applying  the  formula  to  any  particular  case,  v  is  the  total  change 
of  velocity  produced  until  the  water  is  quite  clear  of  the  vessel, 
and  the  direction  of  the  force  acting  on  the  vessel  is  exactly 
opposite  to  that  of  v.  The  following  figures  will  explain  the  results 
in  three  cases  : — 


Backward.  No  Motiok.  Forward. 

Motion  Produced  by  a  Jet. 

In  the  left-hand  figure  the  jet  of  liquid  issues  towards  the  right 
and  urges  the  containing  vessel  to  the  left,  The  jet  in  the  central 
figure  strikes  a  plate  fixed  to  the  tank  close  to  it,  and  then  drops 
vertically  downwards;  consequently,  the  water  receives  no  hori- 
zontal momentum  and  the  tank  no  motion  from  it.  The  water 
will,  however,  exert  a  pressure  on  the  plate,  and  this  pressure 
balances  the  force  produced  by  issuing  from  the  orifice.  In  the 
remaining  figure  the  jet  is  turned  backwards  by  a  curved  guide 
attached  to  the  tank  and  the  whole  momentum  imparted  to  the 
water  is  backwards,  consequently  the  tank  is  pressed  forwarda  If 
there  be  no  loss  from  friction  or  eddies,  the  backward  velocity  of 
the  stream,  when  the  tank  is  at  rest,  must  be  the  same  as  that 
with  which  it  left  the  orifice.  The  blade  has  not  only  stopped  the 
water,  but  has  given  it  an  equal  backward  momentum,  and  must, 
therefore,  be  pressed  with  a  force  twice  as  great  as  the  flat  one  in 
the  previous  case.  The  force  on  it,  is  therefore.  2  F  or  \wah> 
which  is  four  times  the  pressure  on  a  plug  stopping  the  orifice. 
When  the  tank  is  in  motion,  the  momentum  given  to  the  water  is 
modified  thereby,  as  will  be  explained  in  connection  with  the 
Pel  ton  wheel  in  the  next  Lecture.  Steam  life-boats  are  now 
frequently  propelled  by  jets  of  water  instead  of  by  screw  pro- 
pellet  s. 

As  this  reaction  astonishes  everyone  who  hears  of  it  for  the 
first  time,  we  will  consider  it  from  another  point  of  view.  Water 
under  a  pressure  of  100  lbs.  per  square  inch  issues  out  of  a 
nozzle  of  1  square  inch  in  area,  and  impinges  on  a  fixed  vane  of 
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such  a  shape  as  to  gradually  deflect  the  water  aud  tarn  it  back  iu 
the  opposite  direction,  without  loss  by  friction,  aud  consequently 
without  loss  of  velocity.  Thus,  the  vaue  may  be  a  double  U,  as 
in  the  Felton  wheel ;  or  a  semicircle ;  or  it  may  deflect  the  water 
in  more  than  one  plaue.  Then,  the  pressure  on  the  vane  is  400 
lbs.,  although  the  statical  pressure  on  a  plug  or  valve  stopping 
the  jet  is  only  100  lbs.  Although  it  requires  very  little  elemen- 
tary dynamics  to  prove  this  fact,  the  statement  is  generally 
received  with  incredulity. 

In  the  first  place,  it  will  be  seen  that  the  vane  not  only  arrests 
the  water — that  is,  imparts  a  negative  acceleration  to  it,  equal  and 
opposite  to  what  it  received  from  the  nozzle — but  accelerates  it 
equally  in  the  opposite  direction.  Therefore,  the  total  pressure  on 
the  vane  is  double  the  reaction  on  the  nozzle. 

The  nozzle  reaction  at  first  sight  appears  to  be  100  lbs.;  that  is, 
area  of  jet  multiplied  by  pressure.  But  wait !  Imagine  a  square 
vertical  column  in  which  water  is  maintained  at  a  constant  head. 
Near  the  bottom  is  a  suitably  formed  horizontal  nozzle  closed  by  a 
plug.  The  system  is  then  in  equilibrium,  since  every  square  inch 
of  wall  has  another  square  inch  opposite  to  it  which  is  acted 
on  by  an  equal  and  opposite  pressure.  Opposite  the  nozzle,  on  the 
other  side  of  the  vessel,  is  a  small  circle  equal  to  the  area  of  the 
plug  and  equally  pressed  by  the  water.  Now,  remove  the  plug 
and  let  the  water  issue.  It  really  does  look  as  if  the  force  pushing 
the  vessel  back  was  the  pressure  due  to  the  head  acting  on  this  small 
circle  on  the  back  wall — that  is,  equal  to  the  pressure  multiplied 
by  area  of  jet.  But  by  Newton's  second  law,  whenever  we  find  a 
body  moving  at  any  velocity,  we  know  the  product  of  the  force 
which  has  urged  it  and  the  time  during  which  it  has  acted.  Let  us 
take  a  simple  case  and  suppose  the  height  of  the  water  surface  above 
the  nozzle  to  be  16  feet.  Then  we  know  that  the  water  issues  as  fast 
as  if  it  had  fallen  16  feet,  and  that  its  velocity  is  32  feet  per  second. 
Consequently,  every  second  a  cylinder  of  water  equal  in  section  to 
the  area  of  the  jet  and  32  feet  long  has  a  velocity  of  32  feet  per 
second  impressed  on  it.  Therefore,  the  urging  force  must  be  equal 
to  its  own  weight ;  because  when  falling  from  rest  by  gravity — 
that  is,  when  urged  by  its  own  weight — it  acquires  that  velocity  in 
one  second.  But  the  statical  pressure  is  only  half  of  this,  being  the 
weight  of  a  cylinder  of  water  equal  in  section  to  the  jet  and  16  feet 
long ;  and,  since  action  and  reaction  are  equal  and  opposite,  the 
recoil  of  the  vessel  is  equal  to  the  force  urging  the  jet,  or  twice 
the  statical  pressure. 

Of  course,  if  the  jet  strikes  a  flat  vane  at  right  angles  the  motion 
is  stopped  in  its  own  direction,  but  not  returned,  and  the  pressure 
on  the  vane  is  twice  the   statical  pressure.      But,  if  the  vane 
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returns  the  motion  undiminished  the  pressure  is  four  times  the 
statical  pressure. 

Reduction  of  Pressure  Round  an  Orifice. — Let  h  be  the  depth  of 
a  bell-shaped  orifice  and  a  its  cross  sectional  area;  then,  if  this 
orifice  be  completely  closed  by  a  flat  plate,  the  force  required  to 
keep  the  plate  in  position  will  be  w  a  h.  It  might  therefore  be 
supposed  that,  when  the  plate  is  removed  and  the  water  allowed 
to  flow,  this  would  be  the  force  exerted  on  the  vessel,  but  on  look- 
ing at  our  former  result  (see  equation  XVI)  we  find  that  the 
actual  force  is  twice  as  great,  or  2wah.  This  difference  is  caused 
by  a  diminution  of  pressure  on  the 
surface  round  about  the  orifice. 
At  these  places  the  water  has  a 
certain  velocity,  and  BernouiNi's 
theorem  shows  us  that  the  pres- 
sure there  must  be  less  than  when 
the  liquid  was  at  rest. 

There  can  be  no  reduction  of  pres- 
sure on  the  fiat  surface  round  the 
bottom  of  a  re-entrant  orifice, 
because  there  the  water  is  practi- 
cally at  rest  The  amount  by  which 
the  pressure  is  reduced  on  opening 
the  orifice  must,  therefore,  be  that 
on  the  area  of  the  orifice  itself,  or  wah.  Every  aecond,  this  will 
set  in  motion  a  mass  m  as  given  by  the  equation  : — 


Re-entrant  Orifice. 


But, 


7  ah  =  mv. 
W 


9 


wa  v 


9  9  9 

Where  a'  is  the  cross  area  of  the  jet,  and  v 


s/i  g  /*. 


wah  = 


wa'v2       w  a'  x  2  g  h 


Hence, 


2a' (XVII) 


That  is,  the  area  of  the  jet  will  only  be  half  that  of  the  orifice. 
This  result  has  been  found  experimentally  to  be  correct.  With  a 
sharp-edged  orifice,  such  as  we  considered  in  the  early  part  of  this 
lecture,  there  is  a  certain  reduction  of  pressure  round  the  orifice, 
and,  therefore,  the  contraction  must  be  less  than  in  this  case. 

Impact— Loss  of  Energy.— When  a  stream  of  fluid  meets  an 
obstruction  which  causes  a  sudden  change  in  its  motion,  its  kinetic 
energy  is  partially,  or  perhaps  wholly,  spent  in  forming  eddies  or 
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little  whirls  of  water,  and  is  thus  lost  so  far  as  useful  effects  are 
concerned.  The  eddies  are,  however,  soon  stilled  by  the  viscosity 
of  the  liquid  and  their  energy  is  converted  into  heat. 

Let  us  suppose  a  body  of  mass  ml  moving  with  a  velocity  vv  to 
overtake  and  strike  another  body  of  mass  m2,  and  velocity  vr 
After  collision  let  the  bodies  move  on  together  with  a  common 
velocity  v. 

Then,  from  the  laws  of  momentum, 


Or, 


(nij  +  m2) v  ^  m1vl  +  m^vr 


But,  before  impact,  the  total  energy  was  : — 

Ej  =  m1 1>*  +  m2  i>* 
And,  after  impact : — 
E2  =  (mx  +  m2)  t>2. 

I      mi  +  nh      )  mi  +  m2 

The  energy  lost  is  : — 

_,      „       (™i  v\  +  ™2  v\  )  (wx  +  m2)  -  (mx  v,  +  m2 1>2)« 
1        z  mx  +  m2 

.    E  -B  ^-^^A-2^  =    "'^("i-^MXVIII) 

This  lost  energy  is  converted  into  heat.     If  one  or  both  of  the 

bodies  be  fluids  the  lost  energy  at 
S    X  •—v  first  shows  itself  in  eddies ;  but,  as 

/     m,\ — ^r,      f  mf  \   y«       already  explained,  it  is  ultimately 
V         J  \_s  converted  into  heat.     We  thus  see 

that  when  two  streams  moviug  at 

s* — *v     — ^  different    velocities    mix    together, 

f   mt  V^  ]    V^  energy  w  I08**  anfl  tn^8  loss  w  greater 

V  A^^/    ^  the   greater    the    difference  of   the 

^* — ^  velocities.      A   similar  effect   takes 

Collision.  place  when   water  flows  through  a 

pipe  with  sudden  changes  of  area, 

and  even  to  a  slight  extent  when  the  area  is  gradually  varied,  and 

also  when  water  is  flowing  in  a  pipe  or  channel  above  a  certain 

speed.     In  all  these  cases,  different  parts  of  the  water  move  with 
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different  velocities,  aud  these  parts  get  mixed  with  one  another. 
It  also  shows,  why  a  turbine  or  water-wheel  in  which  the  water 
collides  with  the  vanes,  mast  have  a  low  efficiency.  * 

Resistance  of  a  Pipe,  —  When  a  fluid  is  passing  through  a  pipe 
it  rubs  against  the  sides  and  experiences  a  certain  resistance  to  its 
motion.  This  resistance  limits  the  flow  in  a  long  pipe  and  causes  a 
loss  of  head  or  pressure.  Had  the  water  no  viscosity  its  flow  would 
not  be  affected  by  the  friction  of  the  inner  surface;  because,  this 
friction  could  only  act  on  the  thin  layer  of  water  actually  in  contact 
with  the  pipe. 

Professor  Reynolds  found  that  the  manner  in  which  water  flows 
depends  upon  its  velocity.  When  this  is  below  a  certain  critical 
point  the  flow  depends  chiefly  on  the  viscosity  and  is  along  smooth 
stream  lines.  On  passing  the  critical  velocity,  the  water  no  longer 
moves  steadily,  but  breaks  up  into  numberless  little  whirls  or  eddies 
which  move  along  with  it,  and  absorb  energy  from  the  main  stream. 
The  former  condition  may  be  called  Steady  Flow&nd  the  latter  Eddy 
Flow.  This  was  beautifully  demonstrated  by  Professor  Reynolds 
by  passing  water  from  a  large  tank  through  a  glass  tube  and  then 
injecting  a  fine  stream  of  coloured  liquid  with  the  same  velocity 
into  the  centre  of  the  stream.  The 
water  in  the  tank  was  quite  steady 
and  entered  the  tube  through  a  bell 
mouth.  At  low  velocities  the  coloured 
liquid  formed  a  thin  line  along  the 
centre  of  the  tube,  but  at  a  certain 
velocity  it  was  seen  to  suddenly  spread 
out  through  a  considerable  part  of  the 
water,  and  on  photographing  it  by 
means  of  an  electric  spark  it  was  found 
to  be  all  twisted  into  little  whirls. 

He  also  found,  that  the  law  connect- 
ing the  resistance  R,  with  the  velocity 
t?,  was  different  for  these  two  condi- 
tions. For  the  lower  speeds  he  ascer- 
tained that  the  resistance  was  propor- 
tional to  the  velocity,  but  at  greater 
speeds  it  varied  as  some  higher  power, 
ranging  from  17  to  2  depending  on  the  roughness  of  the  pipe. 
Near  the  critical  velocity,  which  depends  on  the  diameter  of  the 
pipe  and  on  the  temperature,  the  law  is  uncertain.  The  tempera- 
ture affects  the  viscosity  on  which  the  critical  velocity  also  depends. 

On  plotting  the  logarithms  of  his  results  as  obtained  with  a  smooth 
lead  pipe  \  inch  in  diameter,  we  get  the  lines  shown  in  the  ac- 
companying figure.    This  consists  of  two  straight  lines  joined  by  a 


Log  of    Velocity 

Resistance  of  Smooth 
Lead  Pipe  at  Different 
Speeds  of  a  Fluid. 


*  See  Note  2  at  end  of  this  Lecture. 
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curve  of  indefinite  shape.     The  two  straight  parts  have  slopes  of 
1  and  1*72,  showing  that  in  one  case  the  increase  of  log  R  is  equal 
to  the  corresponding  increment  of  log  v,  whereas  beyond  a  certain 
point  it  is  1*72  tiroes  the  corresponding  increment  of  log  v. 
This  shows  us,  that  if  cv  c2,  and  r3  be  constants,  then  : — 

For  steady  flow,  R  =  cx  v. 

For  eddy  flow,     R  =  <?2w172  +  ey 

The  resistance  of  the  pipe  for  any  velocity  is  most  conveniently 
expressed  in  terms  of  the  difference  of  pressure  per  unit  length 
required  to  force  the  necessary  quantity  of  liquid  per  second 
through  it  when  level.  This  is  called  the  Slope  of  Pressure. 
Whether  the  pipe  is  level  or  not,  if  it  be  of  uniform  bore,  this  slope 
is  given  by  the  difference  of  level  between  the  free  surfaces  of  the 
pressure  columns  at  any  two  points,  divided  by  the  length  of  pipe 
between  them.  This  has  been  termed  the  Slope  of  Free  Level, 
and  is  shown  graphically  by  a  line  passing  through  the  surfaces  of 
a  series  of  little  pressure  columns. 

Hydraulic  Mean  Depth.— The  resistance  of  a  pipe  or  channel  is 
directly  proportional  to  the  extent  of  the  wetted  surface  in  a  given 


->K* 


**o  pBrW* 


Wetted  Perimeter  of  Different  Sections. 

length,  and  inversely  to  the  cross  area  of  the  stream.  The  trans- 
verse length  of  the  whole  surface  wetted  by  the  stream  is  called 
the  Wetted  Perimeter,  and  the  ratio  of  the  cross  area  of  the  stream 
to  its  wetted  perimeter  is  termed  the  Hylravlic  Mean  Depth, 
which  we  shall  denote  by  D. 

The  friction  of  the  pipe  or  channel  will  consequently  vary 
inversely  as  the  hydraulic  mean  depth. 

Combining  this  with  the  former  results  we  have  for  water  pipes 
or  channels : — 


R  =  CF 


(XIX) 
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Where  e  is  a  constant  depending  on  the  nature  of  the  surface 
and  the  temperature  of  the  water,  and  n  is  a  number  varying  from 
17  for  smooth  lead  pipes  to  2  for  very  rough  pipes.  The  critical 
velocity  for  water  in  ordinary  pipes  is  so  low,  that  in  all  practical 
cases  in  which  we  wish  to  know  the  resistance,  the  actual  velocity 
is  always  above  it. 

For  a  circular  pipe,  whose  diameter  is  d,  and  which  is  full  ot 
running  water,  the  wetted  perimeter  is  the  circumference  of  the 
circle : — 

.   r"   * 


-y  ss  —  for  a  circular  pipe.      .     .       (XX) 

For  a  rectangular  open  stream  of  depth  A  and  breadth  6,  the 
wetted  perimeter  =  2  h  +  b  and  the  area  is  b  h  : — 

D  =  6  ,     - -r  for  an  open  rectangle.     .     .     (XXI) 

Loss  of  Head  due  to  Friction  in  Water  Pipes.* — Having  dealt 
with  the  loss  of  "  head "  where  water  enters  a  pipe  due  to  the 
shape  of  its  mouth,  and  mentioned  Prof.  Reynold's  experiments 
on  steady  and  eddy  flows  of  the  liquid  through  a  smooth  pipe, 
as  well  as  explained  what  is  meant  by  the  "  wetted  perimeter," 
-ye  are  in  a  position  to  state  the  generally  accepted  rules  for  the 
loss  of  head  in  ordinary  clean  cast-iron  water  pipes. 

From  many  tests  with  piezometers  or  pressure  columns,  gauges 
or  vertical  tubes,  inserted  at  known  distances  apart  into  the 
upper  sides  of  straight  pipes  of  different  sizes  and  internal 
roughness,  but  of  uniform  bore,  without  bends,  it  has  been 
found  that  the  loss  of  head  due  to  friction  for  water  flowing 
through  these  pipes  at  different  velocities,  is  approximately 
proportional  to — 

1.  The  length  of  the  pipe,  I. 

2.  Inversely  to  the  diameter  of  the  pipe,  cL 

3.  The  square  of  the  velocity,  v. 

4.  The  roughness. 

5.  But  it  is  independent  of  the  water  pressure. 

Let  Ax  =  Total  head  in  feet  or  pressure  per  sq.  in. 

hL  =  Lost  head  due  to  friction      „         „         „ 
hE  =  Effective  head  at  point  of  delivery  „         „ 

Then,  hL  =  h?  -  AR 

•  This  "loss  of  head  due  to  f notion  "  is  termed  the  "  friction  head." 
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Now,  if  f  =  coefficient  of  friction  found  by  experiment,  which 
will  vary  between  001 2  for  a  i-inch  pipe  when  v  =  1  foot  per 
second,  and  0*003  for  a  3- foot  pipe  when  v  =  15  feet  per  second. 

Then,  loss  of  head, 

hL  =  f  ( x  loss  of  head  due  to  velocity). 

*  \    cross  area  *  J 

■'■    ^-'$Ti} <*XII> 

Example  II. — What  will  be  the  loss  in  head  for  every  100  feet 
of  a  3-inch  pipe  when  water  flows  through  it  with  a  velocity  of 
3  feet  per  second,  if  the  coefficient  of  friction  be  -0065  ? 

Here,  /  =  100  feet ;  d  =  3  inches  =  '25  feet;  v  =  3  feet  per 
second;  and-/*=  "0065. 

By  formula  XXII.,  Answer — 

(4  I  v*\ 
"TV  )' 

I  AAflK  /4  x   100  x  3  x  3\ 

K  =  -0065  (  .25  x  2  x  3J5-). 

Or,  hL  -  146  feet 

Now,  looking  at  the  following  table  by  Prof.  Merriman,  we 
see  that  opposite  to  a  pipe  of  0  2o  foot  in  diameter,  and  directly 
under  the  velocity  3  feet  per  second,  the  loss  of  head  is  printed 
as  1*46  feet  for  every  100  feet  of  length.  In  that  table,  the 
"  friction  factor,"  fFi  is  reckoned  as  four  times  the  previously 
mentioned  value  for  the  coefficient  of  friction,/. 

Or,  /v  -  4/; 

because  the  constant  4  appears  in  the  numerator  of  the  natural 
equation  XXII. 

Hence,  when  using  the  table,  the  "friction  factors,"  /Ft  will 
vary  from  0*05  for  a  J-inch  pipe  when  v  «  1  foot  per  second,  to 
001 2  for  a  3-foot  pipe  when  v  =  15  feet  per  second. 

The  formula  for  the  "  friction  head  "  therefore  becomes,  using 
the  following  table : — 

**-*'(&) -*(&)•  '  •  (XXIII) 
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Table  of  Friction  Head  tor  100  Feet  of  Clean  Iron  Pipe." 


Telocity  in  Feet  per  Second. 

Diameter 
of  Pipe. 

1. 

ft. 

8. 

4. 

C 

10. 

15. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

005 

146 

510 

1030 

16  90 

34  70 

... 

... 

010 

059 

199 

4-20 

6-97 

14o0 

37*30 

... 

0  25 

0-20 

070 

1*46 

240 

5-37 

1370 

29-40 

050 

009 

032 

0-70 

114 

2  46 

6-22 

13-30 

075 

005 

0-21 

0-45 

073 

157 

394 

8-40 

100 

004 

015 

032 

055 

112 

2-80 

595 

1-25 

0-03 

011 

0-25 

0-42 

0*85 

21 1 

4-48 

1-50 

002 

009 

020 

033 

0*67 

1-66 

3  50 

1*75 

002 

007 

016 

026 

054 

1  33 

2  80 

2-00 

002 

0*06 

013 

021 

0*45 

109 

2  27 

2-50 

o-oi 

005 

010 

016 

034 

081 

1-68 

3-00 

o-oi 

0-04 

007 

012 

0*26 

067 

1-40 

3*50 

0  01 

0  03 

0  06 

o-io 

0-21 

0  53 

... 

4-00 

••• 

002 

0-05 

008 

017 

042 

... 

5-00 

••• 

0-02 

004 

0-06 

013 

... 

... 

600 

... 

o-oi 

0-03 

0-05 

010 

... 

... 

Example  III. — Find  the  friction  in  a  4-inch  wrought-iron 
pipe  delivering  200  gallons  per  minute.  What  is  the  loss  in 
head  and  H.P.  per  100  feet  1  (See  The  Practical  Engineer,  Sept. 
11,  1903,  p.  264.) 

Answer. — Gallons  per  second  =  -^r. 

Cubic  feet  per  second  =  Cfx       -.,  0  =  -535. 

r  60  x  62-3 

Area  in  sq.  ft.  of  a  4"  pipe  =   087. 

*535 
Velocity  (v)  of  water  =  7^    =  6-1  ft  per  sec. 

Let  the  friction  factor  =  -023. 


Then,  by  formula  XXIII.  and  the  above  tab! 

/i>^_\        ^„  /    100  x  6-1* 

4  x  200  x  10 


We  get,  hL  -/,  (")  -  -023  ( J™  AllL)  .  4  ft, 

0  Jr\2ngj  \2  x   -3  x  32  2/ 


H.P.  absorbed 


33,000" 


2  x  -3  x 
-24  (approximately). 


#  From  Treatise  on  Hydraulics,  8th  Edition,  by  Prof.  Merrinian,  Lehigh 
University. 
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Notes  on  Measurement  of  a  Flowino  Stream  (see  p.  469).  * 

Note  1.  Bltohie's  Rule  for  the  Flow  of  a  Stream  with  a  Rectangular 
Not  oh. — "Cube  the  depth  of  the  water  in  inches,  flowing  through  the 
notch,  extract  square  root,  multiply  by  5  (or  more  exactly  by  4*83) — this 
gives  the  number  of  cubic  feet  per  minute  flowing  over  each  foot  in  width." 

Or,  Q=  kbh*  =  (5  x  1  x  A*). 

"  I  have  found  the  best  proportion  of  width  of  notch  to  depth  flowing 
over  the  notch,  to  be  about  10  to  1." 

Note  2,  re  p.  481,  at  top. — Mr.  J.  Ritchie  says:  "I  am  not  quite  clear 
about  this.  As  a  matter  of  fact,  the  turbine  buckets  at  the  point  of 
entry  are  nearly  always  at  right  ancles,  or  square  on  to  the  jet;  especially, 
in  all  the  mixed  flow  turbines,  which  are  rapidly  superseding  tne  older 
forms  of  Jonval  and  other  Continental  makes.  Most  of  the  Continental 
turbine  makers  are  now  taking  up  the  manufacture  of  mixed  flow  turbines. 
In  Girard  turbines,  it  is  usual  to  nave  the  outer  edge  of  the  bucket  slightly 
curved  in  the  direction  of  the  flow,  but  the  circumferential  speed  of  a 
Girard  turbine  is  generally  lower  in  proportion  to  the  velocity  of  the 
water,  than  a  pressure  turbine  of  the  Jonval,  inward,  or  mixed  flow  type. 
Some  of  these  Girard  turbines  give  the  best  res  .Its  at  '45  of  the  theoretical 
velocity  due  to  tho  head,  whereas  the  usual  proportion  of  a  pressure 
turbine  is  *65  of  the  theoretical  velocity  due  to  the  head.  Some  of  the 
buckets  of  American  wheels  are  actually  rounded  on  the  face,  instead  of 
hollow,  such  as  the  Rise  Ion  turbine,  and  these  give  very  high  efficiencies. 
In  some  of  the  very  latest  American  turbines  the  vanes  are  perfectly  radial 
in  plan,  the  turning  action  on  the  water  being  entirely  done  on  the  lower 
part  of  the  bucket.  In  these  cases,  the  water  ifioues  from  the  port  almost 
at  right  angles  to  the  bucket,  so  that  even  allowing  for  the  forward  motion 
of  the  wheel  there  must  be  collision  to  some  extent." 

*  I  am  indebted  to  Mr.  J.  Ritchie,  of  Carrick  &  Ritchie,  Engineers, 
Waverley  Engineering  Works,  Edinburgh,  for  these  Notes, 
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Lecture  XXXV.— Questions. 

1.  Prove  the  law  for  changing  p,  v,  and  h  alone  a  stream  line  in  a 
frictionless  fluid.  Apply  the  law  to  find  the  funnel  shape  of  the  surface  of 
water  in  a  basin  from  which  the  water  is  flowing  by  a  central  hole.  (S.  & 
A.  Hous.  Exam.,  Part  L,  1898.) 

2.  Prove  the  law  for  changing  p,  vt  and  h  along  the  stream  lines  in  a 
frictionless  fluid.  Apply,  neglecting  change  of  level,  to  the  case  of  adia- 
batic  flow  of  air  from  one  vessel  to  another  through  a  small  orifice,  and 
deduce  the  rule  for  maximum  quantity  flowing.  (S.  &  A.  Hons.  Exam., 
Part.  II.,  1898  ) 

3.  Describe  the  action  of  a  jet  pump,  or  of  a  good  form  of  injector. 

4.  Water  flows  through  a  round  sharp  edged  orifice  3  inches  in  diimeter 
in  a  flat  plate,  at  about  12  inches  below  still-water  level.  Show  by  a 
sketch  your  notion  of  the  shapes  of  the  stream  lines.  If  we  wish  to  know 
the  pressure  at  any  point,  why  is  it  not  sufficient  to  know  only  the  depth  ? 
(S.  &  A.  Adv.  Exam.,  1898.) 

5.  Deduce  a  formula  giving  tho  velocity  with  which  water  issues  from  an 
orifice,  and  show  how  to  apply  it  to  water  under  pressure. 

6.  Discuss  briefly  the  relative  advantages  und!er  various  circumstances 
of  the  different  methods  of  measuring  a  stream  of  water. 

7.  Find  the  horse-power  of  a  waterfall  70  feet  high,  when  the  stream  is 
such  that  it  passes  over  a  gauge  notch  6  feet  long  with  a  head  of  15  inches. 
If  it  is  employed  to  drive  a  turbine  of  80  per  cent,  efficiency,  what  B.H.P. 
would  you  expect  to  obtain  ? 

8.  Investigate  the  form  of  the  surface  of  water  which  flows  out  of  a  hole 
in  the  bottom  of  a  basin  with  a  vortex  motion. 

9.  What  is  moant  by  a  constrained  vortex,  and  why  will  such  a  vortex 
rapidly  disappear  when  left  to  itself  ?  Find  the  form  taken  by  the  surface 
and  Bhow  how  to  apply  this  to  finding  the  pressure  in  a  centrifugal  pump. 

10.  Tho  wheel  of  a  centrifugal  pump  2  foet  outside  diameter  has  a  very 
large  case  and  rotates  at  100  revolutions  per  minute  about  a  vertical  axis, 
and  almost  no  water  is  being  delivered.  Calculate  and  show  in  a  curve 
the  pressure  at  points  in  a  horizontal  plane,  at  various  distances  from  the 
axis.  The  vanes  are  bent  backwards  at  an  angle  of  30°  with  the  radius  at 
the  outer  part ;  if  the  radial  flow  becomes  2  feet  per  second  and  the  cir- 
cumferential openings  are  200  sq.  inches  in  area,  what  is  the  kinetic  energy 
of  the  water  leaving  the  wheel  ?  What  is  the  pressure  in  excess  of  that 
at  the  inner  rim  of  tho  wheel  where  tho  water  enters  without  shock  ?  If 
there  is  no  f rictionai  loss  to  what  height  will  tho  water  be  lifted  above  the 
well  ?  In  an  actual  pump  with  small  wheel  case  what  is  the  probable  lift  ? 
(S.  &  A.  Hons.  Exam.,  Part  II.,  1898.) 

11.  "Barker's  mill"  consists  of  a  horizontal  pipe  with  a  nozzle  at  right 

angles  to  it  at  each  end  thus  *         i      Water  enters  it  by  a  vertical  pipe 

at  the  centre,  and  tho  whole  is  so  mounted  that  it  can  rotate  about  the  axis 
of  this  pipo.  Find  the  torque  wnen  the  water  is  issuing  under  a  head  ht 
and  the  mill  is  revolving  n  times  per  minute.  Show  that  the  power  is 
greatest  when  the  velocity  of  tho  nozzles  is  half  that  due  to  the  head,  and 
that  the  efficiency  then  cannot  be  over  50  per  cent. 

12.  What  are  the  chief  conclusions  to  be  drawn  from  Reynold's  experi- 
ments on  the  flow  of  water  through  pipes  ? 

13.  What  is  meant  by  the  Hydratdic  Mean  Depth  of  a  pipe  or  channel, 
and  show  how  we  use  it  in  calculating  the  resistance  to  the  now  of  water  t 
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14.  If  a  hydraulic  company  supplies  a  1,000  gallons  of  water  at  700  lbs. 
pressure  per  square  inch  for  17  pence,  how  much  is  this  per  horse-power 
per  hour?  Another  company  supplies  water  at  a  "head"  of  260  feet: 
what  price  ought  it  to  charge  per  1,000  gallons  if  the  consumer  is  to  have 
his  energy  at  the  same  price  as  in  the  other  case  ?    An*.  2\  8d. ;  2Jd. 

(B  of  E.  Adv.,  1900.) 

15.  What  is  the  usually  accepted  rule  for  loss  of  head  or  energy  per 
pound  of  water  passing  alone  a  straight  pipe?  What  is  the  law  when  the 
water  flows  very  slowly  ?  And  why  is  tnere  a  difference  between  the  two 
laws  ?    (B.  of  £.  Adv. .  1900. ) 

16.  60  horse -power  is  being  delivered  hydraulically  into  a  mile  of 
straight  horizontal  pipe  at  a  pressure  of  700  lbs.  per  square  inch.  It  is 
found  that  52  horse-power  is  available  at  the  far  end.  What  power  will 
be  found  available  at  the  end  of  2  miles  of  a  pipe  three-fourths  of  the 
diameter  of  the  first-named,  if  the  entering  pressure  is  800  lbs.  per 
square  inch,  and  the  entering  horse-power  is  40?    Ans  26 '61  H.P. 

(B.  ofE.  H.,  Parti.,  1900.) 

1 7.  A  horizontal  pipe  of  12  inches  diameter  gradually  becomes  3  inches 
diameter,  and  then  becomes  of  12  inches  diameter  again.  There  iB  a  flow 
of  5  cubic  feet  per  second.  Neglect  ng  friction,  state  how  the  pressure 
alters  along  the  axis  of  the  pipe.     (B.  of  E.  Adv.,  1901.) 

18.  Take  the  loss  of  energy  through  friction  of  every  pound  of  water 
flowing  along  a  straight  circular  pipe  of  length  I  feet  ana  diameier  d  feet, 
the  velocity  being  v  feet  per  second,  to  De  0*0007  Iv^jd  foot-pounds. 
If  water  at  700  lbs.  per  sguare  inch  conveying  300  horse-power  enters  a 
pipe  of  6  inches  diameter,  nnd  the  number  of  cubic  feet  entering  per  Becond 
and  the  velocity  in  the  pipe.  What  is  its  loss  of  energy  per  pound  in  a 
length  of  pipe  of  3,000  feet  ?  What  is  the  total  loss  ofpower  ?  Obtain 
an  expression  for  the  horse-power  lost  in  transmission  in  terms  of  the 
total  horsepower  entering  the  pipe,  the  entering  pressure,  p>  and  /  and  d. 

(B.  of  E.  Adv.  &  H.,  Part  I.,  1902.) 

19.  Eight  gallons  of  water  per  second  flow  through  a  6-inch  pipe  in 
which  there  is  a  right-angled  bend.  State  the  speed.  What  is  the  change 
in  the  velocity  of  the  water  (that  is,  the  vector  change,  as  there  is  no 
change  in  mere  speed)?  What  is  the  change  in  the  momentum  of  the 
water  per  second?  What  is  the  resultant  force  exerted  by  the  water  on  the 
pipe  at  the  bend,  neglecting  friction  ?    (B.  of  E.  Adv.  &  H  ,  Part  I.,  1902.) 

20.  A  stream  is  gauged  over  a  rectangular  weir  or  notch,  the  width  of 
the  notch  is  3  feet  6  inches,  and  the  height  of  the  still  water  over  the  edge 
of  the  notch  is  found  to  be  14 J  inches.  Find  how  many  gallons  pass  over 
the  weir  per  24  hours  (the  velocity  of  approach  may  De  neglected),  and 
what  H.P.  could  be  obtained  from  turbines  supplied  by  this  stream  if  the 
available  head  is  35  feet  and  the  mechanical  efficiency  of  the  turbines  is  81 
per  cent.     (C.  &  G.,  1900,  H.,  Sec.  C.) 

21.  Compare  the  loss  of  head  by  skin  friction  in  a  3-inch  pipe  with  that 
in  a  6-inch  pipe,  when  the  velocity  of  flow  is  the  same  in  both,  and  also 
when  the  velocity  in  the  Bmall  pipe  is  so  increased  that  it  discharges  as 
much  water  as  the  big  pipe.     (C.  &  G.,  1900,  H.,  Sec.  C.) 

22.  Water  is  flowing  steadily  at  a  velocity  of  3  feet  a  second  through  a 
perfectly  horizontal  pipe  6  inches  in  internal  diameter ;  if  on  a  length  of  H 
miles  there  is  a  drop  of  pressure  owing  to  friction  of  25  lbs.  per  square  inch, 
what  H.P.  is  being  wasted  in  friction?    (C.  &  G.,  1900,  0.,  Sec.  A.) 

23.  A  large  tank,  in  which  a  constant  head  of  water  is  maintained,  has 
a  cylindrical  hole  in  the  bottom  3  inches  in  diameter,  with  sharp  edges. 
How  many  gallons  of  water  will  escape  from  the  tank  per  hour  if  the 
constant  head  is  9  feet?    (C.  &  G.,  1901,  H.,  Sec  C.) 
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24.  Obtain  an  expression  for  the  loss  of  head,  owing  to  surface  friction, 
in  a  long  straight  pipe  through  which  water  is  flowing.  Hence  obtain  an 
expression  for  the  probable  discharge  in  gallons  per  hour  from  a  main  of 
given  diameter  and  length,  when  the  total  head  of  the  water  in  the 
reservoir  above  the  point  of  discharge  is  known. 

(C.  &G.,  1901,  H.,  Sec.  C.) 

25.  The  quantity  of  condensing  water  used  by  a  stationary  engine  is 
gauged  by  first  allowing  the  water  to  flow  into  a  tank  supplied  with  baffle 
plates,  in  order  to  get  rid  of  any  agitation  in  the  water,  and  then  allowing 
it  to  flow  out  of  the  tank  over  a  rectangular  notch  6  inches  wide.  Esti- 
mate the  discharge  in  pounds  per  minute  when  the  head  over  the  sill  is  4 
inches.  Explain  why  the  flow  may  be  more  accurately  determined  by  a 
V-notch  than  by  a  rectangular  notch,  the  head  over  the  notch  being  sup- 
posed subjected  to  variation.     (C.  &  G  ,  1902,  H.,  Sec.  C.) 

26.  A  horizontal  water  pipe,  3  feet  in  diameter,  gradually  contracts  to  a 
diameter  of  18  inches.  The  difference  of  head,  as  shown  by  water  gauges, 
between  two  sections  of  these  diameters  is  28  inches.  Neglecting  all  losses, 
estimate  the  flow  along  the  pipe  in  gallons  per  hour. 

(C.  &G.,  1902,  H.,Seo.  0.) 
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Lecture  XXXV.— A.  M.Inst. C.E.  Exam.  Questions. 

1.  Explain  what  is  meant  by  coefficients  of  contraction,  velocity,  and 
discharge  for  orifices.  What  are  the  ordinary  values  of  these  coefficients 
for  a  sharp-edged  orifice  in  a  plane  surface?    (I.C.E.,  Oct.,  1897.) 

2.  Deduce  an  expression  for  the  discharge  from  a  rectangular  notch,  and 
explain  why  the  theoretical  expression  requires  to  be  modified  by  a  co- 
efficient varying  with  the  proportions  of  the  notch.     (I.C.E.,  Oct.,  1897.) 

3.  A  weir  is  30  feet  long,  and  has  18  inches  of  head  above  the  crest. 
Taking  the  coefficient  at  0  6,  find  the  discharge  in  cubic  feet  per  second. 
State  the  relative  advantages  of  notches  with  and  without  end  contraction 
in  the  practical  gauging  of  water.     (I.C.E ,  Oct.,  1897.) 

4.  A  pipe  of  12  inches  diameter  connects  two  reservoirs  5  miles  apart, 
and  having  a  difference  of  level  of  20  feet.  Find  the  velocity  of  flow  and 
discharge  of  the  pipe,  taking  the  coefficient  of  friction  at  any  value 
known  to  you,  or  at  0  01.  Explain  how  the  coefficient  of  friction  for  a 
pipe  varies  with  roughness  and  size.     (I.C.E.,  Oct.,  1897.) 

5.  Describe  carefully  any  one  method  of  determining  the  discharge  of  a 
river  by  float  or  current- meter  observations.  Show  roughly  by  a  sketch 
how  the  velocities  are  distributed  in  the  cross-section  of  a  rectangular 
channel  Describe  any  instruments  used  in  determining  the  velocity,  in 
the  method  adopted  in  your  description.     (I.C.E.,  Oct.,  1897.) 

6.  Explain  the  meaning  of  the  term  hydraulic  gradient  of  a  pipe.  Sup- 
pose the  levels  of  the  reservoirs  and  pipe  at  mile  distances  are  100,  90,  75, 

i    Miles 
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70,  40,  50,  75  and  80  feet  above  datum,  write  down  the  corresponding 
pressures  in  the  pipe  in  feet  of  head.     (I.C.  E.,  Oct.,  1897.) 

7.  On  what  principle  is  the  presence  of  a  jet  striking  a  plane  determined? 
Find  the  pressure  of  a  3-inch  jet  having  a  velocity  of  80  feet  per  second 
against  a  wall  struck  normally.     (I.C.E. ,  Oct.,  1897.) 

8.  A  jet  of  water  1  inch  in  diameter  coming  from  a  reservoir  at  a  height 
of  200  feet  strikes  a  fixed  hemispherical  cup  so  that  the  direction  of  its 
motion  is  reversed.  Find  the  force  it  exerts  upon  the  cup,  assuming  that 
the  jet  has  90  per  cent,  of  the  full  velocity  due  to  the  head. 

(I.C.E.,  Feb.,  1898.) 

9.  The  miner's  inch  is  defined  as  the  flow  through  an  orifice  in  a  vertical 
plane,  of  1  square  inch  in  area,  under  an  average  head  of  6&  inches.  Find 
the  water-supply  per  hour  which  this  represents,  and  give  any  reasons  you 
can  for  the  choice  of  coefficients  which  you  assume.     (I.C.E.,  Feb.,  1898.) 

10.  A  canal  lock  with  vertical  sides  is  emptied  through  a  sluice  in  the 
tail-gates.  Putting  Q  for  area  of  lock-basin,  w  for  area  of  sluice,  and  H 
for  the  lift,  find  an  expression  for  the  time  of  emptying  the  lock. 

(LC.E.,  Feb.,  1898.) 

11.  A  re-entrant  cylindrical  mouthpiece  is  fixed  to  the  vertical  side  of  a 
vessel.  Show  that  for  such  a  mouthpiece  the  limiting  value  of  the  coeffi- 
cient of  contraction  is  0'5.     (I.C.E.,  Feb.,  1898.) 
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12.  A  rectangular  weir,  for  discharging  daily  10  million  gallons  of  com- 
pensation water,  is  arranged  for  a  normal  head  over  the  crest  of  15  inches. 
Find  the  length  of  the  weir.  Assume  your  own  coefficient,  stating  the  kind 
of  weir  for  which  it  is  applicable,  or  take  a  coefficient  of  0*7. 

(LC.K.,  Feb.,  1898.) 

13.  A  water-main  is  42  inches  in  diameter,  and  the  velocity  through  it  is 
to  be  3  feet  per  second.  Find  the  head  lost  in  friction  in  feet  per  mile. 
Coefficient  of  friction  001.     (I.C.E.,  Ftb.,  1898.) 

14.  A  horizontal  main  consists  of  5,000  feet  of  6- inch,  5,000  feet  of  9-inch, 
and  5,000  feet  of  12-inch  diameter.  The  velocity  in  the  6-inch  is  12  feet 
per  second,  and  the  pressure  head  50  feet  at  the  inlet.  Sketch  (not  to 
scale)  the  hydraulic  gradient  (a)  supposing  that  only  the  skin  friction  is 
considered ;  (b)  supposing  that  both  skin  friction  and  the  losses  of  head  due 
to  abrupt  chances  of  section  are  considered.  Write  down  the  expressions 
for  the  several  losses  of  head,  but  without  calculating  them  numerically. 

(I.C.E.,  Feb.,  1898.) 

15.  Deduce  a  general  expression  for  the  velocity  of  flow  in  an  open  channel. 
An  irrigation  channel,  with  side  slopes  at  1  to  1,  has  a  bottom  width  of 
100  feet  and  a  depth  of  10  feet.  It  discharges  3,000  cubic  feet  per  second. 
Find  the  slope  in  feet  per  mile.     (I.  C.  E. ,  Ftb. ,  1898. ) 

16.  Write  down  a  formula  for  the  discharge  of  pipes,  and  explain  its 
derivation.  What  coefficients  would  you  use  to  calculate  the  discharge  for 
(1)  pipes  coated  with  Dr.  A.  Smith's  composition,  (2)  riveted  steel  pipes, 
(3)  wooden-stave  pipes.     (I.C.E.,  Oci.,  1898.) 

17.  A  pipe  2  feet  diameter  draws  water  from  a  reservoir  at  a  level  of  550 
feet  above  the  datum  ;  it  falls  for  a  certain  distance  and  again  rises  to  a 
level  of  500  feet,  5  miles  from  its  starting  point ;  it  then  falls  to  a  reservoir 
at  a  level  of  400  feet  1  mile  away.  Calculate  the  rate  of  delivery  into  the 
lower  reservoir.     (L  C.  E. ,  Oct. ,  1898. ) 

18.  Describe  one  form  of  current  meter,  and  state  how  you  would  proceed 
to  gauge  a  river  100  feet  wide  and  20  feet  deep  with  it.   (I.C.  E. ,  Oct. ,  1898. ) 

19.  Give  an  expression  for  the  loss  of  head  in  a  pipe  owing  to  a  sudden 
enlargement  of  section.     (I.  C.  E. ,  Oct. ,  1898. ) 

20.  Describe  the  hydraulic  ram,  and  give  a  formula  for  its  delivery  at 
a  height  h  feet  above  it,  the  supply  being  Q  cubic  feet  per  second  coming 
from  a  height  of  H  feet.     (I.C.E.,  Oct.,  1898.) 

21.  State  Bernoulli's  theorem,  and  explain  what  form  of  motors  could  be 
used  to  utilise  each  of  the  forms  in  which  energy  exists  in  flowing  water. 

(I.C.E.,  Oct.,  1898.) 

22.  Give  a  formula  for  the  discharge  of  drowned  orifices.  What  advan- 
tages do  they  offer  for  gauging  purposes ?    (I.C.E.,  Oct.,  1898.) 

23.  A  pipe  tapers  to  one- tenth  its  original  area,  and  then  widens  out 
igain  to  its  former  size.  Calculate  the  reduction  of  pressure,  at  the  neck , 
of  the  water  flowing  through  it,  in  terms  of  the  area  of  the  pipe  and  the 
velocity  of  the  water.     Why  is  this  reduction  of  pressure  a  gauge  of  the 

'discharge?    (I.C.E.,  Oct.,  IsSW.) 

24.  Sketch  a  hook  gauge  for  measuring  a  varying  water-level,  and  state 
how  you  would  fix  it  for  use.     (I.  C.  E. ,  Feb. ,  1 899. ) 

25.  Water  flows  from  a  pond  over  a  weir  10  feet  lone,  to  a  depth  of  10 
inches;  it  then  flows  along  a  level  rectangular  channel  8  feet  broad,  and 
over  a  second  weir  the  width  of  the  channel,  its  crest  being  1  foot  above 
the  bottom.     Find  the  depth  of  the  water  over  the  8-foot  weir. 

(I.C.E.,  Feb.,  1899.) 

26.  A  rectangular  chamber  120  feet  square  contains  15  feet  depth  of 
water,  which  is  allowed  to  flow  out  through  a  vertical  rectangular  orifice 
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2  feet  by  1  foot,  the  top  of  which  is  level  with  the  floor  of  the  reservoir 
and  the  tail- water.     Calculate  the  time  it  will  take  to  empty. 

(I.C.E.,  Feb.,  1699.) 

27.  How  would  you  proceed  to  gauge  accurately,  by  means  of  floats,  the 
flow  of  a  stream  of  uniform  section  20  feet  wide  and  5  feet  deep  ?  Describe 
the  floats  you  would  use,  and  state  how  you  would  deduce  the  result  from 
the  experimental  data.     (I.C.E.,  Feb.,  1899.) 

28.  Calculate  what  depth  of  water  Bhould  flow  in  a  pipe  of  circular  bore 
to  give  a  maximum  discharge,  the  surface  slope  being  constant. 

[I.C.E.,  Feb.,  1899.) 

29.  (a)  Explain  by  sketches  the  phenomenon  of  contraction  in  the  case  of 
a  weir  with  vertical  face  and  ends  and  with  a  sharp  edge  such  as  is 
commonly  employed  for  measuring  the  discharge  of  water,  and  illustrate 
in  reference  to  the  same  sketches  the  meaning  of  the  terms  "coefficient  of 
contraction"  and  "coefficient  of  discharge."  (o)  What  is  approximately 
the  coefficient  of  discharge  where  the  weir  is  10  feet  long  and  the  water 
1  foot  deep  ?  Would  this  coefficient  be  affected  by  reducing  the  length  of 
the  weir  to  1  foot  while  maintaining  the  same  depth  of  water,  and  if  so,  in 
what  manner  ?    (I.  C.  K. .  Oct. ,  1 899. ) 

30.  Explain  and  illustrate  by  reference  to  a  stream  of  rectangular  section, 
12  feet  wide  and  3  feet  deep,  the  term  "  hydraulic  mean  depth,"  and  state 
in  what  manner  and  approximately  to  what  extent  the  mean  velocity  of  the 
stream  would  be  affected  by  widening  it  to  24  feet,  assuming  the  depth  and 
inclination  to  remain  the  same.     (I. U.K.,  Oct.,  1899.) 

31.  In  the  same  stream  as  above  (12  feet  wide  and  3  feet  deep),  in  what 
manner  and  to  what  extent  would  the  mean  velocity  be  affected  by 
changing  the  inclination  from  1  per  1,000  to  4  per  1,000,  assuming  the 
depth  to  remain  the  same  ?    (I.C.  E.,  Oct. ,  1899.) 

32.  Sketch  a  practical  form  of  hydraulic  ram  for  raising  automatically  to 
a  considerable  height  a  portion  of  any  volume  of  water  derived  from  a 
lesser  height,  and  explain  the  points  upon  which  satisfactory  working 
dependB.    (I.C.E.,  Oct.,  1899.) 

33.  A  certain  tank  A  overflows  with  the  discharge  from  a  12-inch  pipe 
fed  by  a  tank  B  10  miles  distant  and  90  feet  above  A.  The  discharge  is 
900,000  gallons  a  day.  Another  12-inch  pipe,  5  miles  long,  is  subsequently 
joined  to  the  middle  distance  of  the  10- mile  length  and  discharges  into  a 
third  tank  C  having  its  overflow  at  the  same  level  as  A.  State  approxi- 
mately the  discharge  per  day  into  A  and  C  under  the  new  conditions. 

(I.C.E.,  Oct.,  1899.) 

34.  A  stream  of  water  of  uniform  rectangular  section,  12  feet  wide  and 

3  feet  deep,  has  a  surface  inclination  of  1  foot  per  5,280  feet.  Assuming 
the  channel  to  be  of  rough  masonry  making  the  coefficient  of  friction  0*007, 
what  would  be  tho  mean  velocity  in  feet  per  second  and  the  discharge  in 
cubic  feet  per  second  ?    (I.  C.  E. ,  Oct. ,  1 899. ) 

35.  A  large  cistern  is  divided  vertically  by  a  partition  into  two  compart- 
ments A  and  B.  In  the  partition  is  a  square  orifice.  Water  is  maintained' 
at  a  constant  level,  in  compartment  A,  of  1J  feet,  and  in  compartment  B 
of  1  foot,  above  the  centre  of  the  orifice,  and  the  discharge  from  A  to  B 
through  the  orifice  proves  to  be  at  the  rate  of  0*2  cubic  root  per  second, 
(a)  Assuming  the  same  orifice  to  be  6  inches  lower  and  the  water-levels 
and  all  other  things  to  be  unchanged,  what  now  will  be  the  discharge 
through  the  orifice  from  A  to  B?  (b)  State  approximately  in  decimals 
of  a  foot  the  depth  and  width  of  the  orifice,  assuming  it  to  be  cut  square 
in  a  thin  plate,  (c)  Would  the  discharge  of  the  orifice  be  affected  by 
making  its  width  three  times  as  great  and  its  depth  one- third  as  great? 
If  so,  how  and  why  ?    (L  C.  E. ,  Feb. ,  1900. ) 
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36.  Assuming  that  in  the  following  pairs,  A  and  B,  of  straight  streams 
the  roughness  of  the  sides  is  moderate  and  uniform,  state  in  the  simplest 
way  possible  whether  No.  1  or  No.  2  would  discharge  more  water,  and  by 
how  much  per  cent. 

A. 


No.  1. 

No.  2. 

1  mile. 

1  mile. 

4  feet. 

6  feet. 

70    „ 

50    „ 

70    „ 

50    „ 

10    „ 

10    „ 

Length,      .... 

Fall 

Top  width, 

Bottom  width,  . 

Depth,        .... 

B. 

Length, 1  mile.  1  mile. 

Fan, 4  feet.  4  feet. 

Top  width,        ....  70    „  60    „ 

Bottom  width,  ....  50    „  60    ,, 

Depth, 11    „  10    „ 

If  in  B  the  coefficient  of  friction  were  0*007,  what  would  be  the  mean 
velocity?    (I.C.E.,  Feb.,  1900.) 

37.  Draw  approximately  to  a  scale  of  1  inch  to  the  foot  and  foot-second 
a  diagram  of  depths  and  corresponding  velocities  parallel  to  the  axis,  and 
extending  from  the  bottom  to  the  free  surface,  in  the  centre  line  of  a  river 
10  feet  deep,  when  the  mean  of  such  velocities  is  5  feet  per  second ;  and 
explain  the  causes  of  variation  of  velocity  from  the  bottom  upwards,  with 
special  reference  to  the  velocity  at  the  free  surface.     (ICE.,  Feb.,  1900.) 

38.  A  straight  thin  cylindrical  tube,  0*25  foot  internal  diameter,  is  fixed 
horizontally  through  the  vertical  side  of  a  cistern,  its  outer  end  being 
flush  with  the  outside  thereof.  The  inner  end  is  cut  square  and  projects 
into  the  cistern  as  far  as  is  consistent  with  allowing  a  jet  of  water  issuing 
through  it  from  the  cistern  to  contract  freely  in  air  without  striking  the 
interior  of  the  tube,  (a)  Assuming  the  level  of  the  water  in  the  cistern 
to  be  2  feet  above  the  centre  of  the  tube,  sketch  such  an  arrangement  in 
outline  approximately  to  a  scale  of  3  inches  to  1  foot,  showing  the  figure 
of  the  jet,  and  figuring  the  principal  dimensions.  (6)  What  is  the  distance 
from  the  cistern  to  an  ideal  vertical  plane  which  the  centre  line  of  the  jet 
would  cross  at  a  level  of  1  foot  below  the  level  of  water  in  the  cistern  ? 

(I.C.E.,  Feb.,  1900.) 

39.  Describe  shortly,  with  sketches  approximately  to  scale,  the  different 
classes  of  instruments  used  for  measuring  the  velocity  of  open  streams  of 
water,  explaining  the  circumstances  under  which  each  is  to  be  preferred. 

(I.C.E.,  Feb.,  1900.) 

40.  A  jet  of  water  having  a  sectional  area  of  12  square  inches  and  a 
velocity  of  16  feet  per  second  impinges  normally  on  a  plane  surface.  Find 
the  amount  of  work  per  second  necessary  to  maintain  the  jet  and  determine 
the  pressure  on  the  plane,  (a)  when  it  is  fixed,  and  (6)  when  it  is  moving 
in  the  direction  of  the  jet  at  6  feet  per  second.     (I.C.E.,  Oct.,  1900.) 

41.  What  is  the  connection  between  the  velocity  and  pressure  at  differ- 
ent parts  of  a  smooth  horizontal  pipe  of  varying  diameter  and  which  is 
running  full  of  water,  all  resistance  being  neglected?  If  the  pressure 
where  the  diameter  is  2  inches  is  600  lbs.  per  square  inch  and  velocity 
4  feet  per  second,  what  will  be  the  pressure  where  the  diameter  is  1  inch  ? 

(I.C.E.,  Oct.,  1900.) 
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42.  In  a  pipe  2  inches  inside  diameter  and  tarred  inside,  water,  starting 
at  700  lbs.  per  square  inch,  flows  at  the  rate  of  2£  feet  per  second.  What 
is  the  horse-power  transmitted  at  the  beginning  of  the  pipe,  and  what  per- 
centage of  this  is  lost  on  friction  and  viscosity  per  100  feet  length  of  pipe  ? 

(I.C.E.,  Oct,,  1900.) 

43.  If  the  Bime  ho  se- power  with  the  same  initial  pressure  as  in  (5)  were 
transmitted  through  a  1^-inch  pipe,  how  much  would  this  percentage  loss 
on  friction  be  increased,  and  what  would  be  the  saving  in  weight  of  metal 

Sipe  per  100  feet  length?     Make  a  rough  allowance  for  weight  of  joint 
anges  in  this  comparison.     (I.C.E.,  Oct.,  1900.) 

44.  Explain,  without  mathematical  symbolism,  the  difference  between  the 
water-resistances  to  the  progress  of  a  vessel  through  open  deep  water  and 
through  a  canal.     (I.  C.  E. ,  Oct. ,  1 900. ) 

45.  Calculate  the  percentage  loss  of  H.P.  per  1,000  yards  in  hydraulic 
transmission  through  clean  cast-iron  pipes  4)  inches  in  diameter,  with 
water  velocities  2  feet,  3  feet,  and  4  feet  per  second,  and  with  pressures 
200  lbs.,  700  lbs.,  and  1,200  lbs.  per  square  inch,  that  is,  in  all  9  per- 
centage losses,  and  represent  your  calculated  results  by  curves  drawn  on 
squared  paper.     (I.C.E.,  Feb.,  1901.) 

46  A  measuring  weir  is  constructed  with  a  90°  angular  notch,  the  edges 
being  bevelled  to  46°  on  the  outside  to  a  nearly  sharp  edge.  Give  the 
formula  you  think  best  for  the  discharge  over  such  a  weir,  and  apply  it  to 
calculate  the  discharge  in  gallons  per  minute  when  the  water  depth  above 
the  apex  of  the  angular  notch  is  9*36  inches  and  the  water  level  5  feet 
back  from  the  weir  is  found  to  be  0*93  inch  above  that  of  the  weir. 

(I.C.E.,  Feb.,  1901.) 

47.  Define  "  hydraulic  mean  depth  "  and  calculate  its  amount  for  a  pipe 
4  feet  in  diameter  flowing  full,  the  same  pipe  half-full,  and  for  a  channel  4 
feet  bottom  width,  side  slopes  2  to  1,  and  a  depth  of  water  4  feet.  Also,  find 
the  rate  of  flow  in  the  pipe  when  full,  and  in  the  channel.  The  hydraulio 
gradient  in  the  former  case,  and  the  slope  in  the  latter  case  being  1  in  3,000, 
-assuming  an  approximate  value  for  the  coefficient.         (I.C.E.,  Oct.,  1901.) 

48.  Develop  a  formula  for  the  flow  over  a  rectangular  notch  ;  if  the 
velocity  of  approach  is  appreciable,  how  may  it  be  allowed  for  in  the 
calculation?    (I.C.E.,  Oct.,  1901.) 

49.  Explain  how  the  velocity  at  different  points  in  the  cross  section  of  a 
river  varies,  and  show  how  this  variation  is  inconsistent  with  stream-line 
motion.     (I.  C.  E. ,  Oct ,  1901 . ) 

50.  A  circular  orifice  in  the  bottom  of  a  tank  is  0*385  inch  diameter,  and 
the  mean  head  of  water  over  the  orifice  is  22  inches.  Calculate  the 
theoretical  flow  of  the  water  through  the  orifice,  assuming  the  velocity  to 
be  due  to  the  "  head"  only.  What  would  be  the  energy  of  one  pound  of 
this  water  ?    (I.  C.  E. ,  Feb. ,  1902. ) 

51.  Water  flows  through  a  straight  pipe  4  feet  in  diameter  and  100  feet 
long.  The  upper  end  is  10  feet  higher  than  the  lower  end.  At  the  middle 
of  its  length  there  is  a  conical  contraction  in  the  pipe,  after  whioh  it  is 
again  enlarged  to  its  original  diameter.  The  velocity  of  the  water  through 
the  full-sized  section  is  5  feet  per  second.  Find  what  the  diameter  of  the 
contracted  section  must  be  for  the  pressure  there  to  be  10  lbs.  per  square 
inch  less  than  at  the  upper  end,  neglecting  friction.     (I.C.E  ,  Feb.,  1902.) 

52.  Give  a  formula  for  the  resistance  to  the  flow  of  water  (1)  in  a  smooth 
tube  where  the  water  moves  with  low  velocities ;  (2)  in  a  pipe  where  the 
water  flows  at  high  velocities.  Find  the  loss  of  head  due  to  friction  in 
water  flowing  through  a  pipe  2  feet  in  diameter,  1  mile  long,  at  5  feet  per 
second.     (I.C.  E.,  Feb.,  1902.) 
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63.  Find  the  quantity  of  water  which  will  flow  through  a  notch  9  feet 
long,  the  head  of  water  over  the  sill  being  10  inches,  and  the  area  of  the 
approach  channel  being  30  square  feet.     (I.C.E.,  Feb  ,  1902.) 

54.  Describe  one  form  of  current  meter,  and  explain  how  it  could  be  used 
to  ascertain  the  discharge  of  a  river  50  feet  wide.     (I.C.E.,  Feb.,  1902.) 

55.  Find  an  expression  for  the  pressure  on  a  plate  due  to  the  impact  of  a 
jet  of  water.  What  difference  would  result  if  the  plate  were  replaced  by 
a  hemispherical  bowl  ?  Water  is  flowing  through  a  pipe  80  feet  long  at  the 
rate  of  50  feet  per  second,  and  is  stopped  by  a  valve  being  closed  in  T^th  of 
a  second.  What  is  the  increase  in  pressure  near  the  valve,  the  pipe  being 
supposed  rigid  and  with  no  elasticity?    (I.C.E.,  Oct.,  1902.) 

56.  State  and  prove  "  Bernoulli's  Theorem"  relating  to  the  steady  motion 
of  incompressible  fluids,  and  apply  it  to  find  the  discharge  through  a 
Venturi  water-meter.     (I.C.E.,  Oct.,  1902.) 

57.  Estimate  the  discharge  of  a  clean  cast-iron  pipe  15  inches  in  internal 
diameter,  2  miles  long,  under  a  total  head  of  100  feet.  Give  reasons  for 
the  selection  of  the  formula  you  use,  and  state  what  you  neglect  in  your 
calculations.     (I.C.E.,  Oct.,  1902.) 

58.  Obtain  an  expression  for  the  loss  of  head  due  to  a  sudden  enlargement 
in  a  pipe,  and  calculate  the  loss  in  the  case  of  a  pipe  2  inches  in  internal 
diameter  suddenly  enlarged  to  4  inches,  the  discharge  being  5000  gallons 
per  hour.     (I.C.E.,  Oct.,  1902.) 

59.  Show    that,    for    a    rectangular    notch,    a   formula  of   the  form 

Q  =  a(L-bh)h?   can  be  made  to  represent  the  discharge  at  varying 

heights  more  correctly  than  a  formula  of  the  form  Q  =  c  L  A\ 

(I.C.E.,  Oct.,  1902.) 

60.  A  jet  of  water,  velocity  24  feet  per  second,  diameter  3  inches,  strikes 
a  plane  normally.  Find,  approximately,  the  total  pressure  on  the  plane 
and  the  maximum  pressure,  and  show  by  a  curve  the  approximate  distri- 
bution of  pressure.     (I.  C.  E. ,  Oct. ,  1 902. ) 

61.  Show,  by  sketches  relating  to  any  case  you  may  select,  how  the 
velocity  varies  at  different  points  in  the  cross-section  of  a  stream. 

(I.C.E.,  Oct.,  1902.) 

62.  Describe  and  discuss  (a)  a  rough  method,  (b)  a  more  accurate  method, 
of  estimating  the  discharge  of  a  stream.     (I.C.E.,  Oct.,  1902.) 

63.  Water  issues  from  the  nozzle  of  a  fire-engine,  1}  inch  diameter,  in  a 
jet  which  rises  to  a  height  of  100  feet.  Neglecting  the  contraction  of  the 
jet,  find  the  reaction  on  the  machine  due  to  the  jet.     (I.C.E.,  Feb.,  1903.) 

64.  A  horizontal  tube  is  tapered  slowly  from  a  diameter  of  15  inohes  to  a 
diameter  of  6  inches.  Neglecting  friction,  calculate  the  difference  in  the 
pressures  in  pounds  per  square  inch  at  the  two  sections  when  the  discharge 
is  60,000  gallons  per  hour.     (I.C.E.,  Feb.,  1903.) 

65.  In  the  formula  v  =  c  Jml  for  the  mean  velocity  in  streams  and 
channels,  explain  how  the  value  of  c  is  affected  by  the  roughness  of  the 
sides  and  bottom,  the  slope,  and  the  hydraulic  mean  depth.  Selecting  a 
suitable  value  of  c,  find  the  discharge  in  cubic  feet  per  second  of  a  rect- 
angular rough  masonry  channel  5  feet  wide,  when  the  depth  of  the  water 
is  2  feet  and  the  slope  iB  1  in  250.     (I.C.E.,  Feb.,  1903.) 

66.  What  are  the  advantages  and  disadvantages  attending  the  use  of 
the  V -gauge  notch,  and  for  what  purpose  is  it  specially  suitable?  The 
sti  11- water  surface-level  is  at  a  height  of  15*5  inches  above  the  bottom 
of  a  right-angled  V -gauge  notch.  Calculate  the  discharge  in  cubic 
feet  per  second,  taking  0*60  as  the  coefficient  of  discharge. 

(LC.E.,  Feb.,  1903.) 
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67.  Sketch  carefully  a  form  of  current  meter.  Explain  exactly  how  you 
would  employ  it,  and  from  its  indications  obtain  the  mean  velocity  of  a 
river.     (I.C.E.,  Feb.,  1903.) 

68.  At  a  point  in  a  clean  hydraulic  supply  main,  3  inches  in  diameter,  the 
velocity  is  10  feet  per  second,  and  the  pressure  is  750  lbs.  per  square  inch  ; 
find  the  percentage  loss  of  pressure  per  1000  yards,  and  calculate  the 
power  conveyed  by  the  main  at  the  point      (I.C.E.,  Feb.,  1903.) 

09.  Give  a  brief  account  of  Reynolds'  experiments  on  the  flow  of  water 
through  pipes  and  the  results  obtained  from  them.     (I.C.E.,  Feb.,  1903.) 

70.  Describe  and  explain  the  action  of  a  hydraulic  ram,  noting  the  chief 
points  which  must  be  attended  to  in  its  design  and  erection. 

(I.C.E.,  Feb.,  1903.) 
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WATER-WHEELS  AND  TURBINES. 

Contents.— Hydraulic  Motors— Overshot  Water-wheel— Breast- wheels — 
Undershot  Water-wheel — Fairbairn's  Improvements — Clack  Mill — 
Pelton  Wheel — Turbines— Girard  Turbine  —  Jon  valTurhine  -  Giinther'a 
Governor — Thomson's  Vortex  Turbine— Little  Giant  Turbine — Hercules 
Mixed-Flow  Turbine— Centrifugal  Pumps  and  Fans — Notes  on  this 
Lecture—  Questions. 

Hydraulic  Motors.* — In  connection  with  hydrostatics  we  have 
already  described  some  machines  for  obtaining  motion  by  hydraulic 


Hmmd  Wmcm 


Tmil  Ra cm 

Overshot  Water  wheel. 


means,  but  in  all  these  cases  the  water  acts  solely  by  its  pressure, 

•Students  should  refer  to  Hydraulic  Motors  by  G.  R.  Bodmer  (London, 
Whittaker  &  Co.),  and  to  Hydraulic  Machinery  by  R.  Gordon  Blaine 
(London,  E  &  F.  N  Spon,  Limited)  for  further  information  on  the  design 
pf  water-wheels  and  turbines. 


OVERSHOT  WATER-WHEEL. 
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We  now  come  to  the  consideration  of  other  water  motors  in  which 
the  weight  and  momentum  of  the  water  are  also  employed.  These 
may  be  divided  roughly  into  two  classes — Water-wheels,  in  which 
the  water  acts  for  the  most  part  directly  by  its  weight ;  and  turbines, 
in  which  it  acts  by  its  momentum.  We  cannot,  however,  draw  a 
very  sharp  line  be- 
tween them,  as  they 
gradually  merge  into 
one  another,  and  the 
power  of  both  ulti- 
mately depends  on 
gravity. 

Overshot  Water- 
wheel. —  This  con- 
sists of  a  wooden  or 
iron  frame  to  which  is 
fixed  a  number  of 
blades,  so  as  to  form 
with  the  inner  cir- 
cumference a  series 
of  buckets  for  holding 
water.  The  water  is 
led  aloug  an  aque- 
duct termed  the  head 
race  to  the  top  of  the 
wheel,  and  there 
enters  the  buckets. 
Jts  weight  forces 
them  downwards  and 
thus  makes  the  wheel 
revolve.  As  each 
bucket  in  turn  ap- 
proaches its  lowest 
position  the  water 
gradually  drops  out 
of  it  into  the  tail 
race.  The  motion  of 
the  water  as  it  enters 
the  wheel  also  assists 
to  some  extent  in  producing  rotation.  The  buckets  are  so  shaped 
and  fixed  to  the  wheel,  that  as  little  as  possible  of  the  available 
power  shall  be  lost  by  the  water  spilling  from  them  before  they 
reach  the  tail  race.  The  sectional  view  shows  one  form  of  bucket 
for  this  purpose  whilst  the  outside  view  shows  another  with  curved 
blades.     One  disadvantage  of  this  wheel  is,  that  the  water  leaves 


Overshot  Water-wheel  by  Messrs. 

WmTMORE  &  BlNYON. 
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it  with  a  velocity  opposite  in  direction  to  that  of  the  tail  race, 
if  this  flows  the  same  way  as  the  head  race.  The  water  there- 
fore does  not  get  away  so  freely  from  the  tail  race,  and  more 
clearance  is  necessary  at  the  bottom  of  the  wheel  which  thereby 
involves  a  loss  of  head. 

Breast- wheels.  —This  last  consideration,  coupled  with  the  diffi- 
culty of  supporting  the  head  race  for  large  overshot  wheels,  has 
brought  about  the  introduction  of  breast-wheels,  in  which  the 
water  is  introduced  between  the  top  and  middle  of  the  wheel  as 
shown  by  the  next  illustration.  The  breast- wheel  is  also  frequently 
made  with  curved  blades  into  which  the  water  drops  almost 
vertically,  and  then  acts  chiefly  by  its  weight     The  motion  of  the 


Fatrbairn's  Breast-wheel. 


wheel  in  this  case  assists  the  escape  of  the  tail  water  instead  of 
hindering  it  as  in  the  previous  one.  The  curved  ventilated  form 
of  bucket  with  closed  breast,  as  shown  in  the  above  figure,  was 
first  introduced  by  Sir  William  Fairbairn  and  greatly  increased 
the  efficiency  of  the  motor.  But,  for  small  wheels,  such  as  are 
used  for  farms,  where  first  cost  is  more  important  than  efficiency, 
hey  are  usually  made  radial  as  shown  by  the  following  figure. 

Here,  the  water  is  allowed  to  attain  a  certain  amount  of  motion 
before  reaching  the  wheel,  and  therefore  acts  partly  by  momentum 
and  partly  by  its  weight.  The  buckets  have  no  ends,  but  the 
wooden  breast  serves  to  keep  the  water  from  escaping  by  the  sides 
and  circumference  of  the  wheel  before  it  reaches  the  bottom. 


UNDERSHOT   WATER-WHEEL. 
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Breast- wheels  iuto  which  the  water  enters  near  the  top  are  called 
high  breast- wheels. 


Breast-wheel  with  Radial  Blades  as  Used  in  Country  Farms. 

Undershot  Water-wheel. — The  breast-wheel  just  described  fonrs 
a  connecting  link  between  water-wheels  proper  and  turbines,  to 


Undershot  Water-wheel. 

which  latter  class  undershot  wheels  really  belong.  With  an  under- 
shot wheel  the  whole  energy  of  the  water  is  allowed  to  become  kinetic 
anJ  then  it  acts  on  the  blades  solely  by  its  momentum.     Here, 
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again,  radial  blades  are  common,  but  they  are  very  inefficient  on 
account  of  the  large  loss  due  to  the  eddies  which  are  caused  by  the 
itn|»act  of  the  water  upon  them,  and  from  the  kinetic  energy  which 
the  water  still  possesses  on  leaving  the  wheel. 

In  order  that  the  water  may  be  applied  without  shock  and  to 
avoid  the  formation  of  eddies,  the  tips  of  the  blades  should  be  bo 
inclined  as  to  be  parallel  to  the  motion  of  the  water  relatively  to 
the  wheel  at  its  point  of  entering.  To  find  this  direction,  draw  A  B 
to  represent  the  velocity  of  the  water  as  it  leaves  the  head  race,  and 
A  C  the  circumferential  velocity  of  the  wheel  at  the  point  where 

the  water  enters  it.  Then,  by  com- 
pleting the  triangle  A  B  0  we  find 
C  B  the  direction  of  the  tip  of  the 
blade  at  A.  The  blade  is  curved 
upwards,  and  the  position  where 
the  water  leaves  it  is  at  the  same 
^  level  as  where  it  enters,  in  order  that 

Angle  ok  Blade.  the  water  may  drop  out  with  as 

little  kinetic  energy  as  possible. 
Fairbairn's  Improvements — In  the  illustration  of  Fairbairn's 
breast- wheel,  we  have  shown  the  regulating  sluice  S  connected  by 
a  curved  rack  and  pinion  to  the  worm  gear  which  is  turned  by  a 
hand-wheel,  until  the  sluice  admits  the  desired  quantity  of  water 
to  develop  the  necessary  power.  In  the  case  of  large  wheels  which 
have  to  drive  textile  or  other  machinery  requiring  great  uniformity 
of  speed,  this  worm  gear  is  connected  to  a  ball  governor  which 
automatically  adjusts  the  position  of  the  regulating  sluice,  to  suit 
the  different  demands  of  the  works. 

In  addition  to  other  improvements  effected  by  Fairbairn,  we 
may  mention,  that  instead  of  driving  from  a  spur-wheel  keyed  to 
the  water-wheel  shaft,  he  bolted  a  segmental  annular  toothed  wheel 
directly  to  one  of  its  outer  sides  or  flanges  and  geared  it  with  a 
pinion  as  shown  at  P.  He  thus  diminished  the  distance  between 
the  |>1  u aimer  block  bearings  of  the  water-wheel  shaft,  relieved  its 
radial  arms  from  conveying  the  driving  stresses,  and  at  once 
obtained  the  necessary  speed  without  intermediate  gearing.  The 
importance  of  this  improvement  was  so  self-evident  to  mill-owners, 
that  many  large  wheels  which  had  previously  given  considerable 
trouble  and  shown  signs  of  distress,  were  fitted  with  Fairbairn's 
drive,  and  are  working  to  the  present  day  at  full  power  with  perfect 
regularity  and  freedom  from  breakdowns. 

We  may  hero  summarise  Fairbairn's  improvements  in  water- 
wheels,  viz.  : — (1)  The  use  of  iron  instead  of  wood  in  their  con- 
struction, thus  lightening  and  at  the  same  time  strengthening  the 
various  parts. 


THE  OLD  CLACK  HILL. 
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(2)  The  adoption  of  curved  ventilated  iron  buckets  instead  of 
straight  wooden  ones,  to  prevent  eddies  and  thus  obtain  a  greater 
efficiency  from  the  head  and  body  of  water. 

(3)  The  introduction  of  a  closed  breast  to  prevent  the  escape 
of  the  water  during  its  turning  of  the  wheel 

(4)  Driving  directly  from  the  sides  and  periphery  of  the  water- 
wheel  in  order  to  minimise  the  stresses  in  the  arms,  reduce  the 
distance  between  the  bearings,  and  at  once  obtain  the  desired 
speed. 

The  Clack  Mill. — One  of  the  oldest  forms  of  water-wheels,  and 
one  which  belongs  to  the  same  class  as  the  undershot  wheel,  is 


Thb  Old  Clack  Mill. 

that  known  as  the  "clack  mill."  It  is  supposed  to  be  of 
Norwegian  origin,  and  was  certainly  introduced  therefrom  into 
the  Orkney  and  Shetland  Islands  several  hundred  years;  ago. 
Our  illustration  is  reduced  from  a  sketch  made  by  Mr.  Sellar  in 
1898  of  the  only  remaining  working  clack  mill  in  Orkney,  at 
the  farm  of  Millbrig,  in  the  parish  of  Birsay.  The  owner,  Mr. 
Folster,  says  that  it  has  been  handed  down  to  him  from  generation 
to  generation  for  more  than  two  hundred  years. 
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The  water  under  a  head  of  10  feet  enters  by  the  left-hand 
aperture  and  leaves  by  the  right-hand  one.  During  its  passage 
the  water  impinges  upon  the  further  side  of  the  wooden  radial 
arms  which  are  fixed  to  the  vertical  iron  shaft.  The  lower  end  of 
this  shaft  rests  in  a  conical  footstep,  whilst  the  upper  end  carries 
the  revolving  millstone,  and  is  steadied  by  a  bearing  immediately 
beneath  the  lower  or  fixed  stone.  The  corn  to  be  ground  is  fed 
into  a  "  head  "  or  "  harp  "  H,  and  as  the  upper  stone  revolves  the 
projecting  wooden  pin  P,  strikes  the  radial  arm  A  connected  to 
the  lower  end  of  H.  This  shoggles  a  portion  of  the  grain  into  the 
central  opening  at  each  revolution.  In  doing  so,  a  clacking  noise 
is  made  by  this  pin  striking  the  outstanding  arm,  which  has  given 
rise  to  the  local  term  of  "  clack  mill."  The  grain  is  carried  down 
by  gravity  and  finds  its  way  into  groves  between  the  two  stones 
where  it  is  ground  into  rough  meal.  This  compound  of  meal  and 
husk  dribbles  from  the  shoot  S  into  a  wooden  bin,  from  which  it 
is  removed,  and  separated  by  shaking  and  blowing,  or  by  another 
machine,  for  future  use  in  the  shape  of  porridge  or  oat-cake. 

Pelton  Wheel.* — The  previous  examples  naturally  lead  us  to  the 
consideration  of  the  Pelton  wheel,  which  is  very  often  used  for 


Pelton  Water- wheel  by  Messes.  W.  Gunthbr  &  Sons,  Oldham, 

great  pressures  and  high  falls.  As  will  readily  be  understood 
from  a  consideration  of  the  accompanying  figure,  this  form  of 
water-wheel  consists  of  a  plain  disc  mounted  upon  a  central  shaft, 
and  carrying  a  number  of  curved  buokets  fixed  at  equal  distances 
around  its  periphery.  A  conical  nozzle  attached  to  the  supply 
pipe  is  so  fixed  as  to  direct  a  jet  of  water  upon  each  of  these 
buckets  in  turn  and  thus  drive  the  wheel  at  a  nigh  speed.  The 
*  See  Notes  on  this  water  motor  at  end  of  this  Lecture. 


PELTON    WHEEL.  505 

buckets  have  a  central  division,  and  as  they  curve  outward  towards 
each  side,  the  jet  is  thereby  deflected  in  two  portions  and  then 
backwards.  With  properly  designed  buckets,  and  when  the 
circumferential  velocity  of  the  wheel  is  half  that  of  the  jet,  the 
water  will  simply  leave  the  buckets  with  little  or  no  remaining 
kinetic  energy,  and  hence  the  efficiency  of  such  a  wheel  may  be 
very  great.  Pelton  wheels  are  used  for  falls  having  a  head  of 
from  30  to  2,000  feet,  or  for  corresponding  pressures  derived  from 
water-pumps  and  city  hydraulic  power  mains.  They  are  some- 
times made  with  several  uozzles,  each  being  fitted  with  a  stop- valve, 
so  that  the  power  can  be  varied  by  shutting  off  the  water  from  one 
or  more  of  them.  When  there  is  only  one  jet,  the  power  can  be 
varied  without  a  change  of  efficiency  by  simply  unscrewing  the 
nozzle  and  putting  on  another  of  a  different  size.  If  the  power  is 
varied  by  partially  closing  the  stop  valve,  we  lose  a  large  amount 
of  energy  in  friction  at  the  valve,  and  the  efficiency  is  thereby  con- 
siderably reduced. 

We  may  find  the  efficiency  of  a  Pelton  wheel,  on  the  assumption 
that  there  are  no  eddies  or  friction,  as  follows  : — 

Let  V  =  The  velocity  of  the  water  as  it  issues  from  the  nozzle. 
»      v  =         „  „        vane. 

Then,  V  -  v  is  the  relative  velocity  of  water  on  vane,  which  is 
not  changed  as  it  moves  around  the  vane.  Therefore,  the  final 
velocity  of  the  water  is  v  —  (V  -  v)  or  2  v  —  V,  which  may  be 
either  positive  or  negative.  •  Now,  by  the  principle  of  conservation 
of  euergy,  the  initial  energy  of  the  water  is  equal  to  that  spent  on 
the  vane  +  the  final  energy.  Therefore,  the  efficiency  of  the 
wheel  is : — 

—  Power  got  out     Initial  kinetic  energy  -  final  kinetic  energy 
Power  put  in  ~~  Initial  kinetic  energy 

_  V*-(2 t?-V)2 _ 4  v  (V  -  v) 

"  y'2  ~" """        y2 

This  is  evidently  greatest,  and  equal  to  unity,  when  2  v  -  V  i* 
zero,  or  V  =  2  v,  since  (2  t;  -  V)2  can  never  be  negative.  That  is, 
for  maximum  efficiency  the  speed  of  the  wheel  should  be  half  that 
of  the  water,  and  when  it  runs  either  quicker  or  slower  than  this 
the  efficiency  will  be  less.  For  example,  if  the  speed  of  the  jet  is 
100  feet  per  second  and  the  vanes  travel  20  feet  per  second, 
the  theoretical  maximum  efficiency  is  : — 

4  x  20(100  -  20)       -DA       DA 
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The  above  are  ideal  cases  in  which  the  water  is  directed  back- 
ward by  the  vane  parallel  to  its  original  direction.  In  practice, 
the  Pelton  vanes  do  not  quite  do  this,  but  are  slightly  divergent, 
as  shown,  in  order  that  the  water  may  clear  the  following  vane. 


Vanks  for  Pelton  Wheel.* 

The  final  velocity  of  the  water  is  easily  found  by  the  parallelogram 
of  velocities,  thus — Draw  A  B  the  velocity  of  the  water  and  A  C 
that  of  the  vane.  Then,  A  D  is  the  final  velocity  of  the  water, 
and  the  kinetic  energy  carried  away  is  proportional  to  A  D*. 

We  have  seen,  in  the  preceding  Lecture,  that  when  the  ideal  vane 
is  stationary,  the  pressure  on  it  is  four  times  the  statical  pressure 
on  the  area  of  the  jet.  At  maximum  efficiency,  when  the  relative 
velocity  of  the  water  and  vane  is  half  what  it  is  when  the  vane 
is  stationary,  the  force  on  the  vane  is  equal  to  this  statical  pressure, 
because  the  impact  varies  as  the  square  of  the  relative  velocity. 
Or, 

Water  striking  vane  per  second      =      a  ( V  -  v)  lbs. 

Change  of  velocity  produced  by  vane  =  2^  -  v). 

Momentum  imparted  per  second    =  —a  (V  -  v)  x  2  (V  -  v). 

y 

2wa  . 


Or, 

Force  of  jet 

on  vane 

•     • 

•     • 

T 

"(V 

-«).» 

And, 

when, 

v  = 

2  wo 
9 

-W 

ZgK 

Then 

> 

F  = 

'(is/5 

>gh)*  = 

=  to  a 

L 

Hence,  in  this  case,  the  power  expended  on  the  vane  is 
F  x  1  v.  But,  the  total  power  of  the  jet  is  F  x  v,  or  twice  as 
much.  This  would  make  the  efficiency  to  be  one  half,  but  we 
have  proved  it  to  be  unity.     Where  is  the  discrepancy  ? 

Suppose  a  single  vane  to  move  away  indefinitely  in  a  straight 
line  in  the  direction  of  the  jet,  it  will  be  seen  that  there  is  an 
ever-increasing  quantity  of  water  flying  through  the  air  atter  the 
*  See  Notes  at  end  of  this  Lecture. 
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vane.  This  represents  an  ever-increasing  debt  of  uncollected 
kinetic  energy,  so  that  only  half  the  water  issuing  per  second 
st likes  the  vane  in  the  same  time. 

But  now,  let  E  be  the  initial  position  of  the  vane  (see  previous 
figure),  and  E  F  the  distance  it  travels  in  one  second.  When  it 
has  arrived  at  F,  let  another  vane  be  suddenly  interposed  at  E. 
There  is  now  a  rod  of  water  between  E  and  F  running  twice  as 
fast  as  the  vanes,  and  the  last  particle  of  this  water  will  only 
overtake  F  when  it  arrives  at  G  and  the  second  vane  at  F.  A 
third  vane  is  now  interposed  at  E  and  the  process  repeated. 

This  is  what  happens  in  the  Pel  ton  and  other  impact  wheels, 
such  as  the  Laval  steam  turbine.  The  fluid  strikes  two  vanes  at 
once,  one  behind  the  other;  a  statement  hard  to  believe  uuless 
approached  by  the  above  argument. 

Turbines. — These  form  a  type  of  water  motor  which  occupy 
much  less  space,  are  more  efficient,  more  easily  governed,  suit  a 
greater  range  of  fall,  and  generally  run  at  a  greater  speed  than 
ordinary  water-wheels.  They  are  classified  in  several  different 
ways  according  to  the  manner  iu  which  their  special  properties  are 
considered.  We  shall  first  of  all  divide  them  into  four  classes, 
viz. — (1)  inward  flow;  (2)  outward  flow;  (3)  parallel  (or  axial) 
flow;  and  (4)  mixed  flow  turbines.  In  the  first  two  kinds,  the 
water  either  flows  inwards  from  the  outer  circumference  as  in 
the  Thomson  turbine,  or  outwards  from  the  inner  circumference  as 
in  one  type  of  the  Girard.  In  the  third  class,  it  flows  parallel  to 
the  axis,  entering  at  one  side  of  the  wheel  and  leaving  at  the  other 
as  in  the  JonvaL  The  fourth  type  has  both  radial  and  axial  flow, 
and  the  water  usually  enters  at  the  circumference  and  leaves  at  one 
or  both  sides  parallel  to  the  axis. 

In  the  second  place,  we  find  all  of  the  previous  types  divided 
into  what  are  termed  drowned  and  ventilated  turbines.  The  former 
are  designed  to  run  quite  full  of  water  and  may  be  submerged  in 
the  tail  race,  or  used  with  a  suction  pipe ;  whilst  the  latter  have 
ducts  to  admit  air  at  atmospheric  pressure  into  the  wheel,  and, 
consequently,  cannot  be  submerged  or  used  with  such  a  pipe.  The 
energy  of  the  water  entering  the  drowned  type  is  partially 
potential  and  partially  kinetic,  whilst  it  is  wholly  kinetic  before  it 
enters  a  ventilated  turbine.  Hence,  these  two  kinds  of  motors  are 
sometimes  respectively  called  reaction  and  impulse  turbines. 

The  purpose  of  a  suction  pipe  is  to  allow  the  turbine  to  be  placed 
some  distance  above  the  tail  race  without  losing  the  corresponding 
head.  This  suction  pipe  is  merely  an  air-tight  conduit  to  carry 
away  the  used  water  and  must  have  its  lower  end  below  the  surface 
ot  the  tail  race ;  moreover,  it  mnst  not  exceed  1:0  feet  or  thereby 
in  vertical  height  from  the  turbine  to  the  tail  race;  otherwise 
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the  water  column  supported  by  the  pressure  of  the  atmosphere  will 
be  broken  by  the  introduction  of  air  into  the  exhaust  conduit 

A  disadvantage  of  most  turbines  of  the  "  drowned  "  type  is,  that 
in  regulating  its  speed  and  power  we  cannot  gradually  cut  off  the 
water  without  a  considerable  drop  in  efficiency.  We  can,  however, 
do  so  in  several  steps  when  divisions  a^e  placed  in  the  wheel  for 
this  purpose.  This  is  because  the  guide  passages  to  the  wheel 
must  always  be  quite  full  of  water,  which  would  not  be  the  case  if 
the  opening  to  any  particular  guide  port  was  only  partially  closed. 
Girard  Turbine. — This  wheel  is  named  after  the  French  engineer 

M.  Girard,  who  in  1856  first 
designed  the  ventilated  and 
impulse  turbine.  It  can  be 
made  with  either  a  vertical 
or  horizontal  axis  and  for 
both  axial  and  outward  flow. 
The  former  is  used  for  low 
falls  of  from  6  feet  and  up- 
wards, and  the  latter  for 
high  falls  up  to  1,000  feet. 

By  referring  to  the  two 
accompanying  figures,  which 
represent  tadial  and  circum- 
ferential sections  of  this 
turbine,  it  will  be  seen  that 
the  gate  for  controlling  the 
water  supply  is  placed  above 
the  guide  ports  A,  C,  through 
which  the  water  passes  and  issues  with  full  velocity  due  to  its 
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Radial  Section.     Gunther's  Axial 
Flow  Girard  Turbine. 
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Circumferential  Section.    Gunther's  Axial  Flow 
Girard  Turbine. 
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head.  It  then  glides  along  the  concave  surfaces  of  the  wheel 
buckets  B,  but  does  not  quite  fill  them.  The  inclination  of  the 
upper  edges  of  the  buckets  is  obtained  in  the  manner  explained 
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for  undershot  wheels,  while  that  of  the  lower  edges  is  made  as 
small  as  possible  in  order  that  the  water  may  not  leave  the  vanes 
with  mnch  kinetic  energy.  To  allow  of  this  inclination  being 
smaller  than  would  otherwise  be  the  case,  the  sides  of  the  wheel 
are  splayed  outwards  as  shown  by  the  radial  section  in  order 
that  the  water  may  spread  and  not  foul  the  convex  surface  of 
the  next  blade.  The  path  of  the  water  relatively  to  the  moviug 
wheel  is  shown  at  B,  whereas,  the  dotted  lines  through  D  show 
the  actual  motion  of  the  stream  as  seen  from  a  fixed  point. 
The  ventilating  holes  are  clearly  shown  in  both  views.     These 


GDnttier's  Girard  Turbine 
for  Low  Falls. 


Gunther's  Girard  Turbine  for 
High  Falls. 


admit  air  to  the  wheel  and  prevent  the  formation  of  eddies  in  the 
empty  parts. 

The  above  left-hand  illustration  is  that  of  a  complete  turbine, 
and  the  two  full-page  illustrations  show  how  they  are  fixed  in 
position  ready  for  work.  The  second  of  these  also  indicates  how 
the  governor  is  attached. 

"When  used  for  high  falls  the  water  is  only  admitted  to  a  few 
of  the  buckets  at  a  time.      It  is  then  usually  made  with  outward 
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flow,  and  mounted  on  a  horizontal  axis  as  illustrated  by  the  sec- 
tional drawing  facing  this  and  the  right-hand  figure  on  the  previous 
page.  The  pipe  for  admitting  the  water  and  the  hand  gear  for 
adjusting  the  flow  are  clearly  visible,  whilst  a  grooved  pulley  for 
rope  driving  is  placed  on  the  right.  This  type  of  turbine  gives  a 
high  efficiency  at  medium  as  well  as  at  full  load. 

Jonval  Turbine.— This  turbine  is  of  the  parallel  or  axial  flow 
type  and  is  designed  to  be  always  kept  full  of  water.  The 
accompanying  figures  give  radial 
and  circumferential  sections,  hav- 
ing the  same  lettering  as  the 
corresponding  figures  for  the 
Girard  turbine.  It  is  usually  em- 
ployed for  low  and  medium  falls 
of  from  2  to  40  feet,  and  can  run 
equally  well  when  completely  sub- 
merged or  when  connected  to  a 
suction  pipe.  The  adjustment  of 
the  water  supply  is  effected  by 
means  of  a  slide  or  slides  which 
close  the  guide  passages  one  after 
another.  A  turbine  of  this  type 
has  the  greatest  efficiency  when  all 
its  passages  are  full  of  water,  and  consequently  the  size  of  the 
wheel  depends  on  the  quantity  of  water  to  be  passed  in  a  given 
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Radial  Section.     Gunther's 
jonval  turbine. 


Circumferential  Section.    Gunther's  Jonval  Turbine. 

time.  The  reason  why  this  class  of  turbine  is  not  used  for  small 
power  with  high  falls  is,  that  very  little  water  would  be  required, 
and,  therefore,  the  dimensions  of  the  wheel  would  be  very  small 
—  perhaps  impracticably  small  —  whilst  the  speed  of  rotation 
would  be  very  great  With  the  Girard  type  on  the  other  hand, 
the  efficiency  is  not  reduced  by  having  only  one  or  two  of  the 
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buckets  in  use  at  one  time.  We  can,  therefore,  employ  as  large 
a  wheel  as  we  like,  and  only  use  the  requisite  number  of  buckets 
for  the  required  power.  This  enables  us  to  get  a  slower  speed  of 
rotation  which  is  usually  desirable.  The  Girard  type,  however, 
cannot  work  with  a  suction  tube,  and  only  works  well  when 
clear  of  the  tail  water.  An  inch  or  two  of  fall,  must,  therefore, 
be  sacrificed,  and  this  reduces  the  efficiency  with  low  falls. 

Gu other's  Turbine  Governor. — For  many  purposes  the  motion  of 
a  turbine  is  so  regular  that  no  automatic  control  is  required,  but 
for  some  classes  of  machinery  a  self-acting  governor  is  desirable. 
The  accompanying  figure  shows  the  one  made  by  Messrs.  Giinther 
<fc  £ons,  of  Oldham,  for  this  purpose.     It  consists  of  an  ordinary 


GDnthkr's  Turbine  Governor,* 


Watt  governor  (see  Lecture  XX III.)  which  can  shift  a  belt  from 
a  loose  pulley  to  either  of  two  fast  pulleys  connected  by  bevel 
gearing  to  the  pillar  for  adjusting  the  turbine.  At  the  normal 
speed  the  belt  is  on  the  loose  pulley,  but  any  change  of  speed  causes 
the  belt  to  be  shifted  and  the  vertical  shaft  is  turned  more  or  less 
in  one  way  or  the  other  according  to  the  required  quantity  of  water. 
The  governor  is  driven  from  a  belt  on  the  turbine,  or  by  some  shaft 
from  it,  and  can  be  disconnected  from  the  hand  gear  by  merely 
freeing  a  clutch. 

*  See  Notes  at  end  of  this  Lecture. 
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Thomson's  Vortex  Turbine. — Imagine  a  wheel  placed  with  its  axis 
coinciding  with  that  of  the  free  vortex  already  considered  in  the 


Vortex  Turbine  by  Messrs.  Gilbert  Gilkes  k  Co.,  I/n>.,  Kendal. 

preceding  lecture.     This  wheel  will  be  carried  round  by  the  vortex, 
and  if  we  arrange  matters  so  that  the  water  passes  through  the 
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wheel  giving  up  its  energy  to  it  while  fresh  water  takes  its  place, 
have  the  essentials  of  Professor  James  Thomson's  vortex  turbine. 

As  will  be  seen  from  the  foregoiug  illustrations,  there  are 
only  four  guides  in  the  vortex,  and  by  altering  the  inclination  of 
these,  we  can  adjust  the  radial  component  of  the  motion  of  tl>e 
water  and  the  amount  of  water  flowing  through  the  turbine. 
In  the  first  figure  the  turbine  is  represented  with  its  cover  removed, 
and  in  the  second  with  its  case  complete.  A.  is  the  revolving 
wheel  keyed  to  the  shaft  C.  B  is  one  of  the  guide  blades  connected 
by  the  bell  cranks  and  shafts  D  to  the  outside  rods  E,  which  can  be 
adjusted  by  a  screw  or  by  a  governor.  The  shaft  runs  on  a  lignum 
vitae  pivot  which  is  lubricated  by  the  water. 


Beotion  of  Wheel  of  Vortex  Turbine. 

On  account  of  the  constrained  motion  of  the  water  inside  the 
wheel  it  requires  a  large  number  of  guides.  For  the  purpose  of 
reducing  the  friction   and  to  lessen   the  loss  of  area  due  to  the 


Single  and  Double  Voutex  Wheels. 

thickness  of  the  guidjs,  it  will  be  seen  from  the  above  section  that 
every  second  guide  is  only  half  the  length  of  its  neighbouring  one. 
The  wheel  is  made  either  single  or  double.     In  the  latter  case,  it 
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has  the  same  efficiency  at  half  gate  as  at  full  gate,  but  being  of  the 
inward  flow  "drowned"  type  it  will  have  a  lower  efficiency  at 
other  loads.  Our  next  figure  illustrates  one  of  these  turbines  as 
fixed  in  position. 

One  great  advantage  of  an  inward  flow  turbine  is  that,  to  a 
certain  extent,  it  is  self-governing.     When  its  velocity  increases, 


SlNGLB  VOBTXX  TURBINE  BT  GILBERT  GlLKSS  &  Co.,  L/TD  ,  KXNDAI*. 

so  also  does  the  centrifugal  force  which  opposes  and  consequently 
reduces  the  inflow  of  the  water ;  whilst  the  opposite  action  takes 
place  when  the  turbine  is  being  reduced  below  its  normal  sj»eed. 

Little  Giant  Turbine.— We  now  come  to  the  fourth  or  mixed 
flow  type  of  turbine,  and  as  an  example  we  have  chosen  the  "Little 
Giant"  turbine.     As  may  be  seen  from  the  illustrations  the  water 
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enters  at  the  circumference  and  parses  out  at  the  top  and  bottom 
and  there  is  a  sluice  for  regulating  the  supply.  The  passage  has 
a  division  so  that  water  can  be  entirely  shut  off  from  the  upper 
half  of  the  wheel. 

The  same  firm  also  makes  a  special  "  flume  "  turbine  —*.«.,  one 
which  is  placed  directly  in  the  water  in  the  same  way  as  the 


Little  Giant  Turbine 
by    S.    Howes,    London. 


Wheel    for    Little   Giant 
Special  Flume  Turbine. 


single  vortex  turbine  shown  on  the  previous  i»age.  The  sectional 
view  shows  a  turbine  formerly  made  with  a  wheel  similar  to  that 
in  the  Little  Giant  Flume  Turbine,  but  with  a  different  casing. 
In  this  instauce,  the  pivot  for  the  wheel  can  be  raised  or  lowered 
by  a  lever  which  is  clamped  in  position  by  a  nut.  The  wheel  is 
held  down  by  a  fixed  ring  fitting  in  a  groove  on  the  wheel,  just 
above  the  lower  splayed-out  part. 


End  Vikw.  Side  View; 

Wheel  for  Little  Giant  Turbine. 


VERTICAL  SiXTlON   OF  THE  LITTLE  GlANT  TUKBXNE. 
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Stoneywood  Paper  Works,  Turbine  Installation.*— This  instal- 
lation consists  of  three  "Hercules"  turbines,  54  inches,  48  inches, 


*  I  am  indebted  to  John  Turnbull,  Jun.  &  SonB,  Glasgow,  who  put  down 
and  set  agoing  this  plant,  for  the  drawings  from  which  the  accompanying 
figures  were  made. — A.  J. 
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and  42  inches  diameter  respectively.  They  are  all  worked  by  a 
lall  of  23  feet,  and  the  combined  1,200  H.P.  of  the  three  turbines 
is  transmitted  by  bevel  gearing  to  a  horizontal  shaft,  which  re- 
volves at  83  revolutions  per  minute,  as  shown  by  the  accom- 
panying views.  The  power  is  then  conveyed  to  the  various 
departments  of  the  paper  works  from  this  horizontal  shaft, 
principally  by  belts,  but  in  some  cases  by  gear  wheels. 

The  water  is  supplied  to  the  turbines  through  a  head  race, 
from  the  Aberdeenshire  river,  Don.  The  sectional  area  of  this 
race  is  22  feet  wide  by  5  feet  6  inches  deep.  After  passing 
through  the  turbines,  the  water  is  discharged  into  a  tail  race 
which  connects  with  the  river  at  a  lower  level. 

Hercules  Turbine. — This  low-pressure  mixed  flow  turbine  is 
of  American  origin  and  make.  Many  of  these  turbines  are  to 
be  found  doing  good  work  in  this  country  under  different  water 
headd  up  to  40  feet.  They  are  made  in  twenty  different  graduated 
sizes,  varying  from  1  to  2,800  horse,  of  which  the  following  table 
shows  the  capabilities  of  the  former  and  the  latter  under  the 
minimum  and  maximum  pressures : — 


Head  in  Feet 

Hone-Power. 

Cubic  Feet  of 

Water 

discharged  per 

Minute. 

Bevolutions 
Miuute. 

No.  1  Size,   .        .  -[ 

4 
40 

1-2 
35 

190 
580 

266 
810 

No.  20  Size, .        .  | 

4 
40 

90 
2,830 

14,800 
46,800 

38 
117 

From  the  previous  and  accompanying  figures  of  this  turbine, 
with  index  to  parts,  the  construction  and  action  will  be  easily 
understood.  When  the  gate  shaft,  G  S,  is  turned  in  the  direction 
for  lifting  the  gate,  it  does  so  through  the  bevel  gear,  B  P  and 
B  W,  pinions,  P,  and  racks,  R,  which  are  bolted  to  the  upper  end 
of  the  thin  steel  cylindrical  gate,  G.  This  action  permits  the 
water  from  the  source  of  supply  to  flow  inwards  upon  the 
revolving  buckets,  RB,  through  the  fixed  guide  blades,  G  B. 
Having  given  up  the  greater  part  of  its  energy  to  the  vertical 
shaft,  V  S,  the  water  discharges  freely  from  the  draft  tube,  D  T, 
into  and  below  the  surface  of  the  tail  race,  as  shown  by  the  left- 
hand  arrow  in  the  previous  figures. 

The  makers  of  this  turbine  and  their  representatives  maintain, 
that  turbines  of  the  "  Vortex,"  and  "Little  Giant"  types,  pre 
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viously  described  in  this  Lecture,  cannot  possibly  give  such  a 
high  efficiency  at  part  gate  as  those  with  fixed  guide  blades. 
They  also  state,  that  turbines  constructed  with  gates  which, 

when  partly  closed,  alter  the 
angle  of  the  inflowing  water 
as  it  strikes  or  presses  upon 
the  buckets  of  the  revolver 
or  rotor,  are  less  efficient  than 
the  mixed-flow  type  for  the 
reason,  that  the  angle  of  direc- 
tion of  the  moving  water  in 
the  latter  is  not  altered  at 
any  part  of  the  gate  opening. 


Index  to  Parts. 

G  S  for  Gate  Shaft. 

BP 

,,   Bevel  Pinion. 

B  YV- 

„ Bevel  Wheel 

ES 

„  Rack  Shaft. 

P 

,,  Pinions. 

R 

,,  Backs. 

G 

„  Gate. 

GB 

„  Guide  Blades. 

RB 

VS 

„   Revolving  Buckets. 
„  Vertical  Shaft. 

FS 

S 
AS 
DT 

,,  Footstep. 

„   Support  for  Footstep. 
,,  Adjusting  Screws. 
„   Draft  Tube. 

D 

„  Dome. 

NB  , 

,  Neck  Bush. 

Further,  that  those  turbines 
which  are  fitted  with  the 
cylindrical  gate,  as  herewith 
illustrated,  maintain  a  higher 
efficiency  at  all  loads  under 
the  maximum  power  of  the 
turbine  than  other  forms  of 
low-pressure  turbines.  They 
guarantee  an  efficiency  of  80 
.  per   cent,    from    half  to   full 

gate,  and  with  the  larger  sizes,  they  claim  So  per  cent,  efficiency 

for  ratio  of  B.H.P.  to  E.H.P.  due  to  waterhead. 


Improved  "Hercules"  Turbine. 
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Centrifugal  Pumps  and  Fans. — If  certain  kinds  of  turbines  be 
driven  by  a  prime  motor  the  centrifugal  force  of  the  fluid  carried 
round  with  the  wheel  will  cause  the  fluid  to  flow  outwards  in  a 
continuous  stream.  If  the  fluid  be  water  the  machine  is  termed  a 
oentrifuged  pump  ;  whereas,  if  we  are  dealing  with  air,  it  is  called 
a/an.  Such  machines  are,  therefore,  merely  reversed  turbines; 
but,  in  order  to  get  the  best  results,  they  must  be  specially  designed, 
because  the  best  design  for  a  turbine  is  not  by  auy  means  the  most 
efficient  and  suituble  for  a  pump  or  fan. 


Ckntkifugal  Pump. 

Centrifugal  pumps  are  largely  used  whenever  a  quantity  of  water 
lias  to  be  elevated  through  a  small  height,  such  as  in  the  case  of 
emptying  graving  docks  and  sunken  vessels,  circulating  the  cooling 
water  through  condensers,  or  dredging  sand,  gravel,  and  mud  from 
rivers,  whilst  centrifrugal  fans  are  employed  lor  ventilating  mines, 
ships,  and  buildings,  as  well  as  for  producing  an  artificial  draught 
to  smiths'  fires,  cupolas,  and  boiler  furnaces,  <fcc. 

The  illustration  *  shows  a  good  form  of  centrifugal  pump  with 
curved  blades.  A  is  a  wheel  rotating  inside  a  casing  B,  thus 
giving  the  water  which  enters  at  the  centre  a  certain  amount  of 
kinetic  and  pressure  energy.   Fis  a  small  whirlpool  chamber  which, 

*  The  above  figure  is  reduced  from  one  in  Mr.  Lineham's  Text-book  on 
Mechanical  Engineering  (Chapman  Hall  &  Go. ),  by  kind  permission. 
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as  already  explained,  allows  the  water  to  form  a  free  vortex,  and 
converts  part  of  its  kinetic  energy  into  energy  of  pressure.  The 
water  moves  in  a  free  vortex  in  the  volute-shaped  pipe,  the  path  of 
a  partical  being  shown  in  the  figure  by  a  dotted  line  and  arrows. 

The  difference  of  pressure  produced  by  the  pump  depends  upon 
the  density  of  the  fluid  in  the  wheel  as  well  as  on  the  speed  of 
rotation.  Consequently,  when  there  is  only  air  in  it,  the  pump  is 
not  able  to  produce  a  sufficient  vacuum  to  make  the  water  rise 
into  it  In  order  to  get  over  this  difficulty,  an  ejector  Q,  and  a 
sluice  C,  are  added.  When  the  pump  is  to  be  started  the  sluice  is 
closed  and  the  air  exhausted  from  the  pump  chamber  by  a  jet  of 
steam  being  passed  through  the  ejector.  The  water  then  rises  into 
the  wheel  and  the  sluice  is  gradually  opened  as  the  speed  is  in- 
creased. When  the  pump  is  fairly  started  the  steam  jet  is  shut 
off  and  the  sluice  fully  opened.  Sometimes  a  non-return  valve  is 
placed  at  the  foot  of  the  suction  pipe  to  prevent  the  pump  and 
pipe  emptying  when  the  wheel  is  stopped.  In  such  a  case,  the 
pump  is  ready  to  start  again  at  once. 

Sometimes  centrifugal  pumps  are  made  with  radial  blades. 
They  then  require  a  much  larger  whirlpool  chamber  to  allow  the 
kinetic  energy  to  change  into  pressure  energy  without  a  Herious 
loss  in  eddies. 


Note  3  on  the  Second  Edition,  by  Mr.  J.  Ritchie,  Waveriey  Engineering  Works. 

Pelton  Wheels. — "  Your  description  of  the  action  of  a  jet  on  the  Pel  ton 
bucket  is  very  clear,  as  it  illustrates  the  flow  of  the  water  over  the 
bucket  in  a  way  which  I  have  never  met  with  before.  It  does  not,  how- 
ever, in  my  opinion  represent  the  true  direction  of  the  water  along 
the  face  01  the  bucket.  It  would  be  all  right  if  the  buckets  were 
fixed  to  a  chain  passing  over  two  pulleys,  where  they  would  move  away 
in  a  straight  line  from  the  jet,  until  completely  emptied.  They  move, 
however,  in  a  circle,  and  the  centrifugal  force  brines  into  action  another 
movement  in  an  outward  direction  to  the  point  of  the  bucket,  and  part  of 
the  water  is,  therefore,  discharged  over  the  lip  of  the  bucket,  as  well  as  at 
the  sides.  * 

4 'The  accompanying  figure  shows  a  small  Pelton  wheel  bucket,  from 
which  I  have  got  very  good  results.  With  a  12- inch  wheel  at  1,350  re- 
volutions per  minute  and  a  head  310  feet,  it  gives  3  horse- power. 

"  I  have  never  been  able  to  get  the  very  high  efficiencies  stated  by  the 
Pelton  Wheel  Company.  Even  with  polished  bronze  wheel  buckets,  75  to 
80  per  cent,  is  the  highest  which  I  have  obtained. 

Pelton  Wheel  Regulation.t — "I  think  something  might  be  added 
on  the  subject  of  regulation.     The  weak  point,  of  couree,  is,  as  you  point 

•True;  but  the  three  positions  of  the  Vanes  in  my  illustration  are 
supposed  to  be  very  close  to  each  other. — A.  J. 

t Students  may  here  refer  to  a  paper  on  "  Experimental  and  Analytical 
Results  of  a  Series  of  TeBts  with  a  Pelton  Wheel,"  by  William  Campbell 
Houston,  B.Sc.  See  vol.  xlvi.,  part  viii.,  of  Transactions  of  the  Institution, 
of  Engineers  and  Shipbuilders  in  Scotland,  Glasgow,  April,  1903.— A.  J. 
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out,  the  waste  of  water  by  throttling.  The  nozzle  has  to  be  made  large 
eiiojgh  to  do  the  maximum  work,*  and  unfortunately  at  the  same  time  that 
the  greatest  quantity  of  water  is  passing,  the  net  or  true  head  is  generally 
the  least,  since  the  frictional  losses  in  the  pipe  are  then  greatest. 

4*  I  have  adopted  a  central  spear  to  reduce  the  area  of  the  jet  and  find 
it  to  be  one  of  the  most  efficient  methods,  since  the  jet  becomes  thereby 


Pklton  Wheel  with  a  Governor. 
(By  Carrick  &   Kitchie,   Edinburgh.) 

partly  annular.  The  accompanying  figure  shows  the  type  of  this  wheel 
fitted  with  a  regulating  nozzle  under  the  control  of  a  governor. 

"One  of  the  principal  losses  with  Pelton  wheels  is  due  to  the  bucket 
striking  the  jet,  whereby  a  portion  of  the  water  is  momentarily  diverted 
as  the  bucket  is  entering  the  jet.  Many  different  forms  of  buckets  have 
been  devised  to  avoid  thjs  loss,  but  without  much  success. 

11  In  double  or  treble  nozzle  wheels  it  is  advisable  to  allow  at  least  one 
bucket  to  intervene  between  the  two  that  may  be  under  the  action  of  the 
jets.  This  is  to  allow  of  the  action  which  you  describe  on  p.  607,  where 
the  water  continues  to  travel  over  the  bucket,  when  the  jet  is  acting 
on  the  following  vane. 

"The  use  of  Pelton  wheels  is  rapidly  extending  for  high  falls.  The 
efficiency  with  a  good  regulating  nozzle  is  as  high  as  a  Girard  turbine. 
They  are  less  complicated  and  cheaper. 

Girard  Turbines. — "The  description  and  illustrations  are  all  good. 
It  may  be  mentioned  that  outward-flow  Girard  turbines  are  very  difficult 
to  govern,  owing  to  the  centrifugal  force  acting  on  the  water  passing 
through  the  wheel,  increasing  the  now  instead  of  diminishing  it,  as  in  the 
inward  flow  turbine. 

"  I  have  made  a  great  many  of  the  outward-flow  Girard  type  of  turbine 
with  horizontal  shafts.  I  have  not  found  the  maximum  efficiency  to  Ije  so 
high  as  in  the  case  of  the  inward-flow  or  pressure  and  reaction  type  of 
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turbines.  It  is  not  advisable  to  use  the  latter  for  heads  over  200  feet ; 
whereas,  I  have  (>irard  turbines  working  under  800  feet.  At  the  same 
time  there  is  no  doubt,  that  for  great  variations— say  down  to  one  fourth 
of  the  supply — there  is  nothing  to  beat  the  Girard  turbine,  owing  to  the 
method  of  regulation — viz.,  shutting  off  the  supply  from  each  port,  one 
after  the  other. 

Jonral  Turbines. — "  I  notice  that  on  the  Continent  the  Jonval  turbine 
is  being  rapidly  superseded  by  mixed-flow  turbines.  The  speed  of  the 
former  is  necessarily  slow,  owing  to  its  comparatively  large  diameter,  which 
naturally  involves  heavier  gearing  and  larger  pits,  &o.,  than  with  the  latter. 

Turbine  Governors, — "The  governor  shown  at  pp.  510,  514  is  a  good 
one,  but  it  is  not  quite  sensitive  enough  for  electric  lighting  work.  In 
order  to  move  the  belt,  the  governor  itself  must  be  slow  and  heavy. 
King's  patent  governor,  which  is  shown  on  th»  high-pressure  double-dis- 


Hkih- Pressure  Double-Discharge  Waverley  Turbine 
with  Kino's  Governor. 

charge  Waverley  turbine,  is  a  very  sensitive  high-speed  governor.  All  the 
work  this  governor  has  to  do,  is  to  move  the  cover  plate  of  the  nawl  wheel. 
"Owing  to  water  being  a  non-elastic  body,  turbines  and  Pelton  wheels 
are  much  more  difficult  to  govern  than  a  steam  engine.  The  principal 
difficulty  to  contend  with  is  hunting,  as  the  action  of  the  governor,  owing 
to  the  momentum  of  the  parts,  is  continued  after  the  reason  for  the  action 
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ceases,  and  the  governor,  therefore,  keeps  turning  'off*  or  'on'  the 
water  longer  than  is  necessary.  The  relay  arrangement  is  calculated  to 
prevent  this. 

Inward-Flow  Turbines. — "  Thomson's  Vortex  turbine  is  the  parent 
of  all  the  inward  and  mixed-flow  turbines  in  use  at  the  present  day.  It 
has  a  very  good  efficiency.  The  principal  objection  to  it  is  the  choking 
which  takes  place  at  the  centre  of  the  wheel.  Consequently,  it  has  to  be 
made  of  large  diameter  and  comparatively  shallow,  compared  with  other 
turbines  of  equal  power ;  but  for  many  purposes  it  still  holds  its  own. 

Mixed-Flow  Turbines. — "I  must  frankly  say  I  do  not  think  you  have 
been  fortunate  in  selecting  for  illustration  the  best  type  of  a  mixed -flow 
turbine.  Owing  to  the  attempt  which  most  American  manufacturers 
have  made,  to  get  the  greatest  possible  quantity  of  water  through  the 
wheel  for  a  given  diameter,  the  designers  of  this  wheel  have  introduced 
such  sharp  curves,  that  the  frictional  losses  are  great.  There  are  no 
guides  in  the  proper  sense  of  the  term,  the  casing  "being  in  the  form  of  a 
scroll.  The  water  assumes  a  circular  or  semi-vortex  motion  in  the  same 
direction,  before  entering  the  buckets  of  the  wheel. 

Waverley  Mixsd-FlOW  Turbine. — "The  usual  form  of  this  turbine 
with  a  vertical  shaft,  suitable  for  fixing  in  an  open  flume  is  shown  by  the 
following  figure.      The  special  feature  of  the  Waverley  turbine  is  the 


Waverley  Mixed- Flow  Tubbi*e  with  Dottbms  Buckit. 
(By  Carriok  &  Ritchie.) 
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division  in  the  buckets.  This  division  may  be  placed  in  any  position 
from  one-third  to  one-half  down  the  bucket,  and  is  specially  of  advantage 
where  the  water  supply  is  variable.  The  usual  form  of  gate  is  cylindrical 
and  it  is  placed  between  the  wheel  and  the  guide  ring.  The  upper  portion 
of  the  wheel  may  be  entirely  shut  off  in  the  event  of  the  water  being  low, 
and  the  efficiency  of  the  wheel  is  thereby  increased.  In  the  Waverlev 
wheel  about  one-half  of  the  water  is  discharged  radially  and  the  other  half 
axially,  through  the  lower  part  of  the  buckets. 

"The  cylindrical  gate  of  the  turbine  is  operated  by  a  pinion  and  rack.* 
The  accompanying  figure  shows  a  duplex  turbine,  consisting  of  two  wheels 


Horizontal  Duplex  Wavkrlst  Turbhti. 

on  one  shaft.  This  arrangement  has  the  advantage  of  doing  away  with 
the  end  thrust  on  the  shaft  as  the  pressure  on  the  one  wheel  is  balanced 
by  the  other. 

"  This  type  of  turbine  is  suitable  for  falls  up  to  50  feet,  but  the  former 
figure  with  King's  governor  shows  a  turbine  of  a  somewhat  similar  con- 
struction with  a  double-discharge  pipe,  which  is  built  of  sufficient  strength 
for  falls  up  to  200  feet.  These  turbines  are  very  suitable  for  the  direct 
driving  of  dynamos.  For  example,  in  connection  with  the  electric  lighting 
of  Blebo  House,  near  Dairsie,  Fifeshire,  I  used  one  where  the  head  is  only 
26  feet,  and  10  feet  of  this  head  is  due  to  the  'draft  or  suction  pip.'.' 
It  has  two  gun- metal  wheels  9  inches  diameter,  and  gives  15  H.J?,  at 
680  revolutions  per  minute.  The  lamps  are  run  direct  from  the  dynamo, 
for  there  are  no  accumulators,  and  the  speed  of  this  turbine  is  entirely 
controlled  by  a  King's  governor. 

*  This  is  a  similar  arrangement  to  that  already  described  in  this  Lecture 
in  connection  with  the  "  Heroules"  turbine. — A.  J. 
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"  The  forms  of  the  guides  and  buckets  of  mixed- flow  turbines  are  not 
the  result  of  any  elaborate  'scientific'  calculations,  but  are  based  on 
the  general  assumption,  that  the  greatest  power  is  got  out  of  the  water 
by  turning  it  as  nearly  in  an  opposite  direction  to  its  now,  or  through  180°. 
Of  course,  mechanical  difficulties  make  the  latter  impossible,  but  the  mean 
angle  through  which  the  water  is  turned  is  about  125°.  The  body  of 
the  wheel  being  a  cone,  the  water  is  at  the  same  time  given  a  vertical 
direction,  the  lower  portion  of  the  bucket  being  curved  backwards.  The 
mean  angle  of  discharge  is  about  20°,  the  extreme  end  of  the  bucket  is  only 
about  16°,  so  that  the  water  in  this  part  of  the  wheel  takes  a  downward, 
and  also  slightly  outward  direction. 

"  The  best  form  of  buckets  and  guides  are  simply  the  result  of  innumer- 
able tests,  in  which  the  forms  which  gave  the  highest  results  have  been 
retained. 

"  In  mixed-flow  turbines  it  is  usual  to  have  an  unequal  number  of 
buckets  to  that  of  the  guides.  This,  with  the  slight  curve  given  to  the 
edge  of  the  bucket,  is  found  to  give  a  more  regular  turning  moment,  than 
if  all  the  ports  and  buckets  came  exactly  opposite  each  other  at  the  same 
moment.  One  great  advantage  of  the  mixed-flow  turbine  is  the  ease  with 
which  a  draft  pipe  may  be  used  in  connection  with  it.  At  Tobermory, 
Scotland,  I  put  down  a  horizontal  draft  or  suction  pipe  with  a  total  length 
of  90  feet,  in  order  to  obtain  a  final  vertical  drop  of  12  feet  into  the  tail 


Turbine  Installation  at  Tobermory. 
(Showing  Long  Draft  Pipe. ) 

race  of  the  river.     The  head  due  to  this  long  draught  pipe  is  nearly  as 
efficient  as  if  the  same  head  were  on  the  pressure  Bide  of  the  wheel."* 


*  See  my  Question  21  on  this  point  at  the  end  of  this  Lecture.— A.  J. 
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LwrriTBK  XXXVI.  —Questions. 

1.  Sketch  an  undershot  wheel  Explain  why  its  efficiency  is  so  low 
when  it  has  radial  blades,  and  show  how  the  blades  should  be  made  to 
avoid  this  loss. 

2.  Water  flows  radially  at  4  feet  per  second  towards  a  part  of  a  wheel  of 
a  centrifugal  pump  or  turbine  which  is  moving  at  12  feet  per  second,  find 
the  angle  of  the  vane  that  the  water  may  enter  without  shock.  If  the 
vane  were  radial,  at  what  angle  ought  the  water  to  be  guided  so  that  it 
might  enter  without  shock  ;  its  radial  component  of  velocity  being  the  same 
as  before?    (8.  &  A.  Adv.  Exam.,  1898.) 

3.  Give  outline  sketches  of  the  common  types  of  water-wheel,  and  com- 
pare their  relative  advantage. 

4.  Distinguish  between  water-wheels  and  turbines,  and  explain  the 
advantages  of  the  latter. 

5.  Sketch  the  Pelton  wheel  and  describe  its  action. 

6.  Sketch  and  describe  a  turbine  of  the  Girard  type,  and  mention  its 
advantages  and  disadvantages. 

7.  Describe,  with  sketches,  a  Jonval  turbine,  and  explain  its  relative 
advantages. 

8.  Sketch  the  wheel  and  case  of  an  inward  flow  turbine  for  a  fall  of  50 
ieet;  8  cubic  feet  of  water  per  Becond.  Calculate  the  diameters  and 
breadths  of  the  wheel,  the  number  of  revolutions  per  minute,  and  the  Bize 
of  the  shaft.    (S.  6  A.  Hods.  Exam.,  1897.) 

9.  The  vane  of  a  wheel  of  an  internal  How  turbine  is  normal  to  the  rim 
which  moves  at  40  feet  per  second.  Water  is  guided  so  as  to  enter  the 
rim  with  a  radial  velocity  of  4  feet  per  Becond;  what  must  be  the  angle 
mode  by  the  guide  blade  with  the  rim,  if  the  water  is  to  enter  without 
shock  ?  If  the  circumferential  area  of  all  the  openings  of  the  rim  is 
1*5  square  feet,  what  volume  of  water  flows  per  second?  We  use  con- 
venient but  not  very  exact  language  when  we  ask — what  is  the  total  tan- 
gential momentum  per  second  entering  the  rim?    (S.  and  A.  Adv.,  1899.) 

10.  Sketch  an  inward  flow  turbine  for  a  fall  of  30  feet  and  20  cubic 
feet  of  water  per  second.  Give  its  principal  dimensions  and  speed 
and  the  angles  of  guide  blades  and  vanes  What  is  the  kinetic  energy 
of  a  pound  of  water  just  entering  trhe  wheel  ?    Neglect  losses  by  friction. 

(8.  and  A.  H.,  Parti.,  1899.) 

11.  The  radial  velocity  of  water  in  a  centrifugal  pu*up  wheel  is  2  feet 
per  second.  The  vane  makes  an  angle  of  35°  with  the  circumference; 
what  is  the  velocity  of  the  water  relatively  to  the  wheel?  The  wheel  is 
2  feet  external  diameter,  and  makes  300  revolutions  per  minute ;  what  is 
the  actual  velocity  of  the  water  as  it  leaves  the  wheel?  What  is  the 
circumferential  momentum  of  each  pound  of  water?  Neglecting  radial 
velocity  of  water,  what  is  the  work  done  to  every  pound  of  water  if  it 
enters  the  wheel  with  only  a  radial  velocity,  and  what  is  the  kinetio 
energy  of  every  pound  of  water  ?  Ans.  3*4S  feet  per  second  ;  28*63  feet  per 
second  ;  0*89  lb.-ft. ;  27  9  ft. -lbs.     (B.  of  E.  Adv.  &  H.,  Part  I.,  1900  ) 

12.  Ten  cubic  feet  of  water  per  second  enters  a  turbine  wheel  with  a 
tangential  velocity  of  50  feet  per  second;  it  enters  without  shock,  the 
velocity  of  the  rim  of  the  wheel  being  50  feet  per  second;  the  water  leaves 
the  wheel  with  only  a  radial  volocity.  What  energy  does  the  water  give 
to  the  wheel  per  second?    (B.  of  E.  Adv.,  1901.) 
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13.  Water,  with  a  radial  velocity  of  6  feet  per  second,  ia  really  moving 
along  a  vane  which  makes  30°  with  the  circumference  of  a  centrifugal 
pump  wheel,  which  lets  the  water  leave  the  wheel  with  less  tangential 
velocity  than  that  of  the  wheel  itself.  Show  on  a  diagram  and  state  the 
tangential  veloci-y  of  the  water  if  that  of  the  wheel  is  40  feet  per  second. 
If  the  water  before  it  enters  the  wheel  has  a  radial  velocity  of  6  feet  per 
second,  and  enters  without  shock,  what  energy  is  gained  per  pound  of 
water?  What  is  the  gain  of  kinetic  energy  ?  What  difference  will  friction 
of  the  passages  make  in  your  result?    (B.  of  E.  H.,  Part  I  ,  1901.) 

14.  Deduce  an  expression  for  the  efficiency  of  a  simple  hydraulic  reaction 
wheel  when  you  are  given  the  available  head  and  the  velocity  of  the  water 
at  the  discharging  orifice.  What  will  the  efficiency  be  if  the  head  equals 
112  feet  and  the  velocity  of  discharge  is  90  feet  a  second,  neglecting 
friction  ?    (C.  &  G.,  1900,  H.,  Sec.  C. ) 

15.  Describe,  with  sketches,  a  Pelton  waterwheel.  In  what  circum- 
stances is  such  a  waterwheel  used  ?  What  is  likely  to  be  the  efficiency  of 
the  wheel  in  ordinary  working?    (C.  &  G.,  1901,  H.,  Sec.  C.) 

16.  A  Pelton  wheel,  2  feet  in  diameter,  runs  at  600  revolutions  a  minute, 
the  available  pressure  at  the  nozzle  being  200  lbs.  per  square  inch,  and  the 
available  supply  100  cubic  feet  per  minute.  Estimate  the  available  horse- 
power and  the  greatest  possible  hydraulic  efficiency  of  the  wheel 

(C.  &G.,  1902,  H.,  Sec.  C.) 

17.  Discuss,  in  general  terms,  the  various  losses  in  a  centrifugal  pump, 
pointing  out  in  particular  the  effect  of  the  whirlpool  chamber  and  of  the 
angle  of  discharge  <  f  the  vanes  on  the  efficiency.  In  a  test  of  a  compound 
centrifugal  pump  the  pressure  in  the  rising  main,  measured  at  the  pump, 
was  found  to  be  5o*8  lbs.  per  square  inch  above  atmosphere,  and  on  the 
suction  pipe,  measured  at  the  pump,  6*7  lbs.  per  square  inch  below 
atmosphere.  The  water  raised  per  minute  was  119  gallons,  whilst  the 
turning  moment  transmitted  to  the  pump  spindle,  as  measured  by  a 
dynamometer,  was  found  to  be  27 '3  foot-lbs.,  the  revolution's  being  1460 
per  minute.    Find  the  lift,  the  horse-power  of  the  pump,  and  the  efficiency. 

(C.  &G.?  1102,  H.,  Sec.  C.) 

18.  Explain  what  is  meant,  in  referring  to  hydraulic  pressure  engines,  by 
the  statement  that  "they  contain  within  themselves  their  own  Drakes. 
It  is  found  that  a  ram  of  10  inches  in  diameter  can  lift  a  load  of  20  tons 
with  an  uniform  velocity  of  6  inches  per  second  when  supplied  with  water 
from  an  accumulator  working  at  a  pressure  of  760  lbs.  per  square  inch. 
Find  the  coefficient  of  hydraulic  resistance  referred  to  the  velocity  of  the 
ram,  and,  assuming  this  to  remain  constant  at  all  speeds,  find  the  velocity 
of  the  ram  when  under  no  load.  (C.  &  G.,  19J2,  H. ,  Sec.  C. )  {For  answer  to 
first  part  refer  to  the  Froude  Water  Dynamometer  or  Brake  described  in  Vol.  I. ) 

1 9.  Explain,  with  the  aid  of  sketches,  the  various  devices  employed  to 
make  water- pressure  engines  economical  when  working  under  loads  less 
than  their  maximum.     (C.  &  G.,  1902,  H.,  Sec.  C.) 

20.  The  following  results  were  obtained  from  an  undershot  water-wheel 
of  15  feet  diameter,  4  feet  6  inchos  wide,  and  having  only  a  head  of  water 
of  3  feet  6  inches  : — 


Revs,  per  Minute. 

B.II.P. 

Revs,  per  Minute 

B.H.P. 

7  3 
8-3 

8-4 

8  6 

6G8 
67 
67 
673 

8  9 

92 

100 

6-68 
6  48 
6  4 
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Plot  the  circumferential  speeds,  and  the  corresponding  B.H.P.  as  co- 
ordinates. Then,  find  a  constant  for  the  ratio  of  the  velocity  of  rim  of 
wheel  to  its  diameter  at  the  most  effective  speed  in  this  case.  Also,  find 
the  ratio  of  the  speed  of  rim  of  wheel  to  the  velocity  of  the  water  due  to 
the  above  head.  Can  you  refer  to  any  reliable  data  regarding  these  two 
ratios  or  other  applicable  ratios  for  water-wheels  ? 

21.  Given  two  turbines  with  their  feed-water  pipes  identically  the  same 
in  every  respect.  Let  each  turbine  be  supplied  with  water  from,  say,  a 
height  of  20  feet  above  their  respective  contres.  In  case  (1),  the  turbine 
discharges  directly  into  the  air  ;  whereas,  in  case  (2)  the  bottom  end  of  she 
discharge  pipe  is  led  into  the  tail  race  below  its  surface,  and  the  vertical 
distance  from  this  surface  to  the  centre  of  the  turbine  is  20  feet.  Which 
will  yield  most  power,  why,  and  by  how  much !  Sketch  and  explain  your 
anfuver.  If  the  centre  of  the  turbine  in  case  (2)  wore  30  or  more  feet  above 
the  surface  of  its  tail,  what  would  happen,  and  why? 
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Lkctubb  XXXVI.  —  A.M.I wst.C.E.  Exam.  Questions. 

1.  What  are  the  two  conditions  to  be  observed  in  designing  the  angles 
of  the  vanes  at  the  inlet  and  outlet  surfaces  of  a  turbine  to  secure  the 
greatest  efficiency  ?    Define  an  impulse  and  a  pressure  turbine. 

(I.C.B.,  Oct.,  1897.) 

2.  Describe  the  construction  of  any  one  form  of  turbine,  stating  how 
the  power  and  consumption  of  water  is  regulated.  Discuss  the  effect  of 
regulating  the  flow  through  the  turbine  on  the  efficiency. 

(I.C.E.,  Oct.,  1897.) 

3.  Show  that  the  hydraulic  efficiency  of  a  turbine  which  works  on  a 
fall  of  H  feet  is  n  =  w1  V1/g  H,  where  wl  is  the  velocity  of  whirl,  and  Vx 
the  velocity  of  the  wheel  at  the  receiving  surface,  the  water  being  rejected 
radially.     (I.C.E.,  Oct.,  1897.) 

4.  In  an  inward  flow  turbine  the  water  enters  the  inlet  circumference, 
2  feet  diameter,  at  60  feet  per  second,  and  at  10°  to  the  tangent  to  the 
circumference.  The  velocity  of  flow  through  the  wheel  is  5  feet  per 
second.  The  water  leaves  the  inner  circumference,  1  foot  diameter,  « ith 
a  radial  velocity  of  6  feet  per  second.  The  peripheral  velocity  of  the  inlet 
surface  of  the  wheel  is  50  feet  per  second.  Find  the  angles  of  the  vanes  at 
the  inlet  and  outlet  surface.     (I.C.E.,  Feb.,  1898.) 

5.  Describe  some  different  forms  of  turbine,  and  mention  any  special 
advantages  of  each  arrangement,  or  any  particular  conditions  for  which 
each  is  most  suitable.  Describe  specially  the  regulating  arrangement  of 
each  turbine.    (I. C.  E. ,  Feb. ,  1898. ) 

6.  Describe  any  one  form  of  turbine  governor.  State  what  are  the 
special  difficulties  in  applying  governors  to  turbines,  and  point  out  how 
the  difficulties  are  met  in  the  governor  you  describe.     (I.C.E.,  Feb.,  1898.) 

7.  Describe  how  you  would  measure  the  actual  power  given  out  by  a 
water-motor,  or  any  other  motor,  and  the  power  supplied  to  it,  and  so 
arrive  at  its  efficiency.  (It  may  be  well  to  say  that  if  the  Candidate  has 
not  actually  measured  the  brake-power  of  a  machine,  he  will  be  apt  to 
make  a  mistake  in  the  description.)    (I.C.E.,  Oct.,  1898.) 

8.  A  horizontal  jet  of  water  impinges  on  a  vane  rotating  about  a 
horizontal  axis  above  it,  when  the  arm  of  the  vane  makes  an  angle  of  120° 
with  the  jet,  sketch  the  shape  of  vane  to  obtain  the  maximum  amount  of 
energy  out  of  the  jet,  and  indicate  the  path  of  the  water  on  leaving  the 
vane.     (I.C.E.,  Oct.,  1898.) 

9.  Deduce  the  general  formula  for  turbine  efficiency.    ( T.  C.  E. ,  Oct. ,  1 898. ) 

10.  A  vane,  circular  in  section,  subtending  an  angle  of  30°  at  its  centre, 
rotates  about  that  point,  in  a  vertical  plane,  with  a  linear  velocity  of  3  feet 
per  second.  A  jet  of  water,  12  square  inches  in  section,  impinges  upon  it 
tangentially  with  a  velocity  of  9  feet  per  second.  Find  the  power  trans- 
mitted by  the  jet  to  the  vane.     (I.C.E.,  Feb.,  1899.) 

11.  Water  under  a  head  of  100  feet  flows  at  the  rate  of  10  feet  per  second 
through  a  horizontal  bend-pipe  36  inches  diameter  and  20  feet  radius,  sub- 
tending an  angle  of  60°  at  the  centre  of  the  curve ;  calculate  the  total 
pressure  tending  to  force  the  bend-pipes  outward.     (I.C.E.,  Feb.,  1899.) 
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12.  Describe  the  construction  of  an  impulse  turbine,  and  state  how  it  is 
regulated  for  supplies  below  the  normal.     (I.C.E.,  Feb.,  1899.) 

13.  Sketch  a  centrifugal  pump  and  state  what  you  know  of  the  oonditiors 
upon  which  its  efficiency  depends.     (LC.E.,  Oct.,  1899.) 

1 4.  It  is  desired  to  utilise  a  stream  of  water  having  a  head  of  40  feet, 
mtMKured  from  the  rock  over  which  it  falls  to  the  level  of  the  stream 
below.  The  flow  is  exceedingly  variable,  and  while  it  is  des  red  to  make 
the  moat  of  the  minimum  flow,  amounting  to  about  5  cubic  feet  per  second, 
advantage  must  be  taken  of  at  least  four  times  that  flow  when  it  occurs. 
(a)  Between  water-wheels  and  turbines,  and  their  different  classes,  how 
would  you  choose,  and  why?  (fr)  What  brake  horse-power  should  you 
expect  to  obtain  from  the  minimum  flow?    (I.C  E.,  Feb.,  1900.) 

15.  Explain,  with  as  few  mathematical  symbols  as  possible,  the  funda- 
mental conditions  of  mechanical  efficiency  in  turbine  action,  taking  account 
both  of  the  waste  pressure  and  kinetic  energy  in  the  water -discharge  and 
of  the  frictional  wastes.     (I.C.E.,  Oct  ,  1900.) 

1C.  What  are  the  latest  developments  in  the  use  of  centrifugal  pumps  for 
force-pumping  againnt  a  large  head  ?  Describe  briefly  the  dynamics  of  this 
use  of  centrifugal  pumps,  and  more  particularly  in  respect  of  the  mode  of 
generation  and  accumulation  of  high  pressure  and  in  respect  of  mechanical 
efficiency.     (I.C.E.,  Feb.,  1901.) 

17.  Sketch  good  forms  of  admission  and  exhaust  valves  for  hydraulic 
pressure  motor  engines.     (I. C.  E. ,  Feb. ,  190 1. ) 

18.  Explain  fully  how  the  energy  of  water  is  utilised  in  an  over-shot 
water-wheel,  in  a  Telton  wheel,  and  in  a  reaction  turbine. 

(I.C.E.,  Oct.,  1901.) 

19.  Indicate  how  a  vane,  moving  with  a  velocity  of  25  feet  per  second 
in  a  horizontal  direction,  must  be  shaped  in  order  to  abstract  the  maximum 
amount  of  energy  from  a  jet  of  water  impinging  upon  it  at  an  angle  of  45° 
to  the  horizontal  with  double  the  above  velocity.  What  pressure  would  be 
exerted  on  the  vane  per  cubio  foot  of  water  impinging  per  second  ? 

(I.C.E.,  Oct.,  1901.) 

20.  Explain  the  action  of  a  Girard  type  of  impulse  turbine,  and  indicate 
how  with  a  vertical  shaft  the  pivot  supporting  the  weight  of  the  turbine 
wheel  can  be  made  easily  accessible  for  lubrication  and  adjustment. 

(I.C.E.,  Feb.,  1902.) 

21.  In  an  outward  flow  impulse  turbine  the  jet  of  water,  moving  with  a 
velocity  of  150  feet  per  second,  is  guided  on  the  wheel  vanes  at  an  angle  of 
75°  to  the  radius,  the  inside  radius  of  the  wheel  being  5  feet  and  the  outside 
radius  6  feet.  If  the  wheel  makes  150  revolutions  per  minute,  and  the 
water  leaves  the  wheel  with  a  radial  velocity  only,  draw  the  shape  of  the 
vanes.     (I.C.E.,  Feb.,  1902.) 

22.  Show  how  the  hydraulic  efficiency  of  a  turbine  may  be  found  from  the 
principle  that  the  angular  impulse  is  equal  to  the  change  of  angular 
momentum.     (I.C.E.,  Feb.,  1902.) 

23.  Calculate  the  maximum  possible  efficiency  of  a  Pelton  wheel  in  which 
the  bucket  velocity  is  three-quarters  of  the  jet  velocity.  How  much  less 
than  this  would  the  actual  efficiency  be  in  the  case  of  a  wheel  of  about  40 
H.P.  ?    To  what,  and  in  what  proportion,  would  you  debit  the  losses? 

(I.C.E.,  Oct.,  1962.) 

24.  Explain  briefly  the  apparatus  you  would  use,  and  the  calculations  you 
would  make,  to  determine  the  net  efficiency  of  a  turbine  giving  about  20 
B.H.P.,  the  shaft  being  vertical.     (I.C.E.,  Feb.t  1903.) 

25.  For  an  inward-flow  turbine,  given  the  angle  of  the  guide-blades,  the 
speed  of  the  vanes,  and  the  radial  velocity  of  the  water  at  both  inlet  and 
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outlet,  show  how  you  would  find  the  angles  of  the  vanes  at  inlet  and  out- 
let, and  how  you  would  proceed  to  design  them.     (I.C.E.,  Feb.,  1903  ) 

20.  Obtain  a  general  expression  for  the  hydraulic  efficiency  of  a  turbine 
in  terms  of  the  head,  the  angular  velocity  of  the  vanes,  the  tangential 
components  of  the  velocity  at  inlet  and  outlet,  and  the  radii  of  the  inlet 
and  outlet  surfaces.  Write  down  the  corresponding  formula  for  a  centri- 
fugal pump.     (I.  C.  E. ,  Feb. ,  1903. ) 
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LECTURE  XXXVII. 
REFRIGERATING    MACHINERY 

Contents. — Refrigeration — Preliminary  Considerations — Carbon  Dioxide 
as  a  Refrigerating  Agent — Elementary  Refrigerating  Apparatus — 
Simple  Refrigerating  Machine — Carbon  Dioxide  Refrigerating  Plant — 
Anhydrous  Ammonia  as  a  Refrigerating  Agent — De  La  Vergne'a  Re- 
frigerating Plant — De  La  Vergne's  Double  Acting  Compressor — The 
Linde  System  of  Refrigeration — Apparatus  for  Transmitting  the  cold 
produced  to  the  Chambers  requiring  Refrigeration — Pneumatic  Tools 
— Questions. 

Refrigeration— Preliminary  Considerations.— An  interesting  ex- 
ample of  the  conversion  of  heat  into  work  is  afforded  by  a 
refrigerating  machine.  The  simplest  form  of  machine  consists 
of  un  air- compression  pump  driven  by  a  steam  engine,  or  other 
motive  power,  in  which  the  pump  is  water  jacket  ted  and  the 
air  is  cooled  under  pressure  by  being  passed  through  a 
surface  condenser  where  the  water  abstracts  the  sensible  heat 
generated  by  the  mechanical  work  of  compression.  The  air  thus 
cooled,  but  still  under  pressure,  is  conveyed  to  an  air  engine 
and  allowed  to  perform  work  by  expanding  against  some 
resistance.  A  large  proportion  of  the  work  originally  per- 
formed during  the  operation  of  compression  is  again  given  out, 
with  a  corresponding  reduction  in  the  air  temperature. 
A  machine  on  this  principle  may  be  conveniently  con- 
structed by  arranging  the  steam,  compression  and  expanding 
engines  to  work  on  one  crank-shaft.  The  expanding  air  thus 
assists  in  the  work  of  compression.  After  deducting  the  neces- 
sary losses  due  to  cooling,  leakage,  &c.,  the  work  done  in  the 
expansion  cylinder  amounts  to  about  65  per  cent  of  the  power 
absorbed  by  the  compression  cylinder ;  the  remaining  35  per 
cent,  being  supplied  by  the  steam  or  other  prime  mover.  The 
air  having  thus  given  up  its  heat,  exhausts  from  the  expansion 
cylinder  at  a  very  low  temperature,  reaching  in  one  authenticated 
instance  as  low  as  -  1 24°  F. 

The  large  coal  consumption  of  machines  of  this  class  has, 
however,  led  to  their  being  superseded,  in  almost  all  cases,  by 
machines  in  which  a  more  direct  conversion  of  heat  into  work 
takes  place. 

If  we  take  any  liquid  and  commence  to  vaporise  it,  we  find 
that,  it  is  necessary  to  maintain  a  continual  application  of  heat 
in  order  to  bring  about  this  physical  change.  The  amount  of 
heat  necessary  to  convert  a  unit  weight  of  a  liquid  to  a  unit 


UEPH1GERATI0N.  537 

weight  of  gas  at  the  same  pressure,  is  always  constant  for  the 
same  liquid.  For  example,  1  lb.  of  water  at  a  temperature 
of  212°  F.  and  at  atmospheric  pressure,  requires  the  application 
of  9666  British  Thermal  Units  to  convert  it  into  1  lb.  of  steam 
at  the  same  temperature  and  pressure.  Conversely,  to  condense 
1  lb.  of  steam  to  1  lb.  of  water,  both  being  at  212'  F.  and  147 
lbs.  pressure  per  square  inch,  we  must  abstract  from  the  steam 
966*6  thermal  units  by  contact  with  a  cold  body.  This  principle 
holds  good  for  any  liquid. 

A  refrigerating  machine  with  steam  as  a  working  medium, 
would  not  be  practicable  unless  the  temperature  of  everything 
in  connection  with  it  was  maintained  above  212°  F.,  but  there 
are  many  liquids  which  have,  when  compared  with  water,  a  very 
low  boiling  point;  notably  ether,  sulphurous  acid,  ammonia, 
carbon  dioxide,  and  ethylene.  Each  of  these  has  been  employed 
for  purposes  of  refrigeration  with  more  or  less  success;  and 
all  of  them  depend  on  the  same  principle — viz.,  the  absorption 
or  the  giving  out  of  their  latent  heat  in  converting  the  liquid  to 
a  gas,  or  vice  versd. 

It  is  not  necessary  here,  to  enter  into  a  discussion  as  to  the 
relative  merits  of  different  liquids  as  refrigerating  agents,  but  in 
practice,  anhydrous  ammonia  is  the  agent  generally  used,  and  in 
a  lesser  degree,  carbon  dioxide.  The  necessary  machinery  is  of 
itself  extremely  simple,  although  the  details  afford  scope  for 
a  great  amount  of  elaboration  and  ingenuity. 

Carbon  Dioxide  as  a  Refrigerating  Agent.— Carbon  dioxide  or 
carbonic  anhydride,  which  is  commercially  known  as  "  carbonic 
acid,'1  is  a  colourless  gas,  and  quite  without  odour  when  pure. 
It  is  under  all  circumstances  perfectly  innocuous,  and  has  prac- 
tically no  effect  on  animal  tissues  or  other  bodies.  It  will,  how- 
ever, produce  asphyxiation  in  animals  when  present  in  the 
atmosphere  in  quantities  exceeding  25  per  cent,  by  excluding 
oxygen  from  the  blood.  This  gas  may  be  very  readily  liquefied, 
either  by  diminishing  its  temperature  or  by  increasing  its  pres- 
sure. This  fluid  has  a  specific  gravity  of  about  '8,  and  can  only 
remain  in  the  liquid  state  when  under  considerable  pressure, 
the  pressure  varying  with  the  temperature  of  the  liquid.*  The 
moment  the  pressure  is  removed,  the  heat  present  in  surround- 
ing bodies,  at  once  assists  in  the  evaporation  of  the  liquid  carbon 
dioxide  and  the  bodies  themselves  are  consequently  left  in  a 
colder  condition  than  before  the  evaporation  took  place. 

Elementary  Refrigerating  Apparatus.— Let  us  consider  for  a 
moment  an  elementary  piece  of  apparatus  in  which  refrigeration 

*  Carbonic  acid  gas  can  only  be  liquefied  by  presjure  when  below  86*  F. 
which  is  termed  its  critical  temperature. 
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can  take  place.  If  we  take  two  strong  coils  of  piping  and  sur- 
round each  with  a  vessel  of  water  and  then  connect  the  two  by 
mean 8  of  a  stop  valve  at  their  lower  ends,  as  shown  by  tbe 
accompanying  figure,  we  shall  have  a  simple  form  of  refrigerating 
machine.  Suppose,  that  when  the  stop  valve  is  closed,  we 
charge  the  condenser  coil  with  gas  under  liquefying  pressure,  by 
means  of  a  force  pump.  The  water  surrounding  the  coil  will 
absorb  the  heat  which  has  been  imparted  to  the  gas  by  com- 
pression, and  the  condensed  liquid  will  gradually  accumulate 
at  the  bottom  of  the  coil.  On  opening  ihe  stop  valve, 
this  liquid  will  run  into  the  second  or  eva(K>rating  coil,  and 
the  pressure  here  being  lower  than  is  necessary  for  main- 
taining the  liquid  state  of  the  material,  evaporation  will  at  once 
commence.     The  heat  necessary  for  evaporating  this  liquid  is 


Stop    Valve 

Elementary  Refkioerating  Machine. 

absorbed  from  the  water  surrounding  the  evaporating  coil,  which 
will  thereby  become  considerably  reduced  in  temperature.  To 
accomplish  this  result  in  practice  three  things  are  necessary  : — 
(1)  A  compressor,  to  raise  the  pressure  of  the  gas  to  whatever 
may  be  necessary  for  its  liquefaction ;  (2)  a  surface  condenser, 
to  remove  the  heat  generated  by  the  mechanical  work  of  com- 
pression; (3)  an  evaporating  vessel,  where  the  liquid  may  re- 
evaporate  into  a  gas,  and  absorb  heat  in  the  operation. 

Simple  Refrigerating  Machine. — The  following  figure  of  a 
simple  refrigerating  machine  will  explain  the  cycle  of  opera- 
tions. C  is  a  compressing  pump  delivering  gas  under  pressure 
into  the  condensing  coil  0  C,  which  consists  of  a  strong  worm  of 
iron  or  copper  piping  immersed  in  a  tank  of  water.      R  is  a 
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regulating-stop  valve  having  a  tine  adjustment.  E  is  the 
evaporator  which  consists  of  a  coil  of  piping  similar  to  the  cou- 
de using  coils.  It  is  also  immersed  in  a  tank  containing  the 
water  or  other  fluid  to  be  cooled.  The  regulator  R  is  closed,  as 
soon  as  the  pressure  in  the  condenser  has  risen  to  that  at  which 
liquefaction  can  take  place  and  the  gas  commences  to  condense 
on  the  inner  surface  of  the  coil  C  C.  The  drops  of  liquid  descend 
and  accumulate  in  the  lower  portion  of  this  coil.  The  regulator 
is  then  opened,  with  the  result,  that  a  small  quantity  of  liquid 
escapes  into  the  evaporator.  Now,  since  the  compressor  draws 
its  supply  of  gas  from  the  evaporator,  the  pressure  in  the 
evaporator  must  be  less  than  in  the  condenser.     Consequently, 


Sectional  Diagram  of  a  Simple  Refrigerating  Machine. 

Index  to  I  akts. 
C  for  Compressor.  E  for  Evaporator. 

C  C  „    Condensing  Coils.  h  to  tA  „   Thermometers. 

R  „   Regulating  Valve.  Ti  to  T4  M  Thermometers. 

the  liquid  commences  to  boil,  and  absorbs  heat  for  its  transfor- 
mation into  a  gas  from  the  surrounding  liquid.  The  tempera- 
ture of  this  liquid  is  therefore  naturally  reduced  by  the  opera- 
tion. The  liquid  within  the  coil  is  entirely  re-converted  into  a 
gas  which  ultimately  finds  its  way  to  the  compressor,  and  thus 
the  cycle  of  operations  is  completed. 

Suppose  four  thermometers  be  inserted  into  the  pipes  convey- 
ing the  gas  to  and  from  the  condenser  and  evaporator,  as  shown 
at  tv  t2,  t3,  U.  It  will  be  foun«l  that  they  do  not  register  alike, 
for  tx  will  show  the  highest  temperature,  then  t2  and  t3  will  be 
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some  degrees  lower,  and  t4  will  be  lowest  of  all.     Suppose  now, 
that  the  liquids  in  the  vessels  surrounding  C  0  and  E  be  caused 
to  circulate  in  the  direction  of  the  arrows,  and  that  thermometers 
T1}  T«,  T3,  T4,  be  placed  on  each  of  the  inlet  and  outlet  pipes. 
It  will  be  found,  that  the  temperature  of  the  incoming  water 
Tj  is  lower  than  T2  the  temperature  of  the  water  going  out  of 
the  condenser;   also,  that  T8   the  temperature  of  the   liquid 
entering  the  evaporator  is  higlier  than  T4  its  temperature  as  it 
leaves  this  vessel.     This  shows,  tiiat  with  respect  to  the  gas  or 
liquid  within  the  coils  of  the  condenser  or  evaporator,  heat  is 
lost  in  the  condenser  and  gained  in  the  evaporator.     The  amount 
of  the  former  is  represented  by  the  difference  between  T1  and  T2 
multiplied  by  the  weight  of  water  passed  through  the  condenser 
in  pi  uuds,  and  the  latter  may  be  expressed  in  terms  of  the 
difference  between  T8  and  T4  multiplied  by  the  weight  of  the 
fluid  passing  through  the  evaporator,  and  by  the  specific  heat  of 
this  fluid. 

If  we  could  construct  an  ideal  machine,  in  which  the  lique- 
faction of  the  gas  was  automatic,  it  would  be  found  that  the  loss 
of  heat  in  the  condenser,  measured  in  thermal  units,  was  exactly 
equal  to  the  gain  of  heat  in  the  evaporator.  The  sensible  heat 
gained  and  lost  by  the  fluids  surrounding  the  coils  in  the  con- 
denser and  evaporator  respectively,  would  be  the  exact  measure 
of  the  latent  heat  of  the  refrigerating  medium,  as  abstracted  in 
the  condenser  and  returned  in  the  evaporator.  It  is,  however, 
necessary  to  change  the  physical  condition  of  the  gas  between 
the  evaporator  and  condenser,  so  that  it  can  be  liquefied  in  its 
passage  through  the  latter  vessel.  Suppose  that  the  pressures  in 
both  evaporator  and  condenser  are  the  same  and  constant.  In 
order  to  ensure  condensation  and  liquefaction  in  the  condenser, 
its  temperature  would  have  to  be  constantly  maintained  below 
that  of  the  evaporator,  a  condition  of  things  which  is  manifestly 
impracticable  since  the  evaporator  is  becoming  colder  with 
every  repetition  of  the  cycle  of  operations.  This  difficulty  must 
therefore  be  met  in  another  way.  If  we  wish  to  liquefy  any 
gas,  it  is  necessary  to  bring  its  molecules  closer  together,  and 
this  can  be  accomplished  either  by  increasing  the  pressure  or 
by  decreasing  the  temperature  of  the  gas,  or  both.  Now, 
since  it  is  not  in  this  case  practicable  to  reduce  the  tem- 
perature, the  only  alternative  is  to  raise  the  pressure  by  means 
of  the  pump  already  referred  to,  which  draws  the  gas  from  the 
evaporator  and  delivers  it  at  an  increased  pressure  into  the  coils 
of  the  condenser.  But  in  order  to  compress  a  gas,  mechanical 
work  must  be  performed  upon  it,  and  this  work  re-appears  in  the 
form  of  heat.     The  temperature  of  the  gas  after  compression  is 
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therefore  considerably  h  gher  than  it  was  at  the  lower  pressure 
on  leaving  the  evaporator.  This  heat,  in  addition  to  the  heat 
imparted  in  the  evaporator,  has  to  be  abstracted  and  carried 
away  by  the  cooling  action  of  the  water  of  the  condenser. 

As  stated  at  the  beginning  of  this  Lecture,  if  we  convert  a 
unit  weight  of  any  liquid  into  a  gas,  we  require  the  addition  of 
a  definite  amount  .of  heat,  and  to  reconvert  this  gas  into  a  liquid 
we  require  the  abstraction  of  the  same  amount  of  heat,  the 
amount  being  constant  for  any  one  liquid  at  a  constant  pressure 
and  temperature.  All  gases  do  not  require  the  same  expendi- 
ture of  energy  to  raise  them  to  the  same  pre  sure,  because  they 
vary  in  what  may  be  called  their  compressibility,  and  some 
gases  occupy  a  smaller  volume  than  others  after  an  equal  amount 
of  compression.  Carbon  dioxide,  for  example,  according  to 
Regnault,  only  requires  about  75  per  cent,  of  the  work  necessary 
to  produce  the  same  amount  of  compression,  as  air  or  hydrogen. 
We  can,  by  experiment,  readily  determine  the  exact  pressure 
at  which  liquefaction  will  take  place  at  any  temperature ;  and 
knowing  this,  the  machine  can  be  designed  of  suitable  strength 
to  withstand  the  necessary  pressure. 

Owing  to  the  difference  in  the  power  required  to  increase  the 
pressure  of  different  gases,  it  follows  that  the  amount  of  heat 
imparted  during  compression  must  with  some  gases  be  greater 
than  with  others.  This  fact  is  of  great  importance  in  the 
selection  of  a  suitable  gas,  and  particularly  so  if  cooling  water 
be  scarce.  But  whatever  gas  be  employed,  the  pressure  neces- 
sary to  liquefy  it  must  always  be  incr;  ased  to  a  greater  or  less 
extent  as  the  temperature  of  the  cooling  water  rise.,. 

Having  considered  the  principles  upon  which  an  evaporative 
refrigerating  machine  depends  for  its  action,  we  are  now  in  a 
position  to  examine  into  the  actual  question  of  the  interchange- 
abi.ity  of  heat  and  work.  We  can  moreover  at  once  establish  a 
coefficient  of  efficiency  for  any  refrigerating  material. 

Let,     L=  Latent    heat   of  evaporation   of   the  refrigerating 

medium  in  B.T.XJ. 
And,  H  =  Heat  imparted  during  compression  in  B.T.U. 

It  follows,  from  what  has  been  said,  that  the  coefficient  of 
efficiency  will  be  L-=-H,  and,  neglecting  external  losses,  wL 
will  represent  the  heat  abstracted  in  the  evaporator,  whilst 
H  +  wL  will  equal  the  heat  added  to  the  cooling  water  of  the 
condenser,  where  w,  is  the  weight  in  lbs.  of  the  gas  entering  the 
condenser  in  a  given  time.  It  is,  of  course,  impossible  that  a 
machine  could  work  under  such  ideal  conditions  as  we  have 
assumed,  since  there  must  always  be  the  effect  of  the  high  or 
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low  temperature  of  surrounding  bodies  to  determine  whether 
there  will  be  a  loss  or  gain  of  heat  in  one  or  other  of  the  parts 
of  the  machine.  For  instance,  it  is  almost  certain  that  the 
evaporator  will  be  colder  than  the  atmosphere ;  in  that  c  tse, 
no  matter  how  carefully  it  may  be  insulated,  there  will  be  some 
conduction  of  heat  and  the  net  quantity  of  the  heat  abstracted 
from  th<*  liquid  to  be  cooled  can  only  be  (to  L  -  x),  where  a:,  is 
the  amount  of  heat  derived  from  outside  sources.  The  amount 
of  heat  imparted  to  the  cooling  water  in  the  condenser  will 
therefore  be  H  +  wh±y ;  where  y,  is  the  heat  lost  or  gained  in 
the  condenser  due  to  the  difference  in  temperature  between  it 
and  its  surrounding*. 

There  is  still  another  correction  to  be  made  to  the  above 
formula.  When,  as  is  usual,  the  evaporator  is  maintained  at  a 
very  low  temperature,  a  certain  amount  of  heat  must  be  imparted 
to  it  by  the  refrigerating  liquid  itself,  as  it  is  entering  the 
evaporator  in  a  comparatively  warm  condition.  Thus,  supposing 
there  be  t  degrees  difference  in  temperature  between  the  con- 
denser and  evaporator,  a  unit  weight  of  the  refrigerating  liquid 
will  as  it  were  import  into  the  evaporator  ts  thermal  units; 
where  8  is  the  specific  heat  of  the  liquid  in  question.  Therefore, 
if  VV  be  the  weight  of  refrigerating  liquid  passing  into  the 
evaporator  in  a  given  time,  the  heat  abstracted  in  the  evaporator 
will  be  represented  by  the  expression  : — 

wL  -  x  -  Wts. 

Of  course,  W  ts  will  not  in  practice  amount  to  a  great  deal ;  but, 
as  Professor  Linrle  has  pointed  out,  it  must  not  be  neglected  in 
an  exact  calculation  of  the  work  performed  by  any  refrigerating 
machine.  If  there  be  no  leakage,  then  on  the  average  W  will 
be  the  same  as  w. 

These  formulae  cannot  be  applied  with  absolute  certainty  in 
practice,  owing  to  the  impossibility  of  making  all  the  necessary 
corrections  due  to  the  gain  or  loss  of  heat  in  the  various  parts  of 
the  machine,  and  owing  to  the  friction  of  the  gas  in  constricted 
passages.  But,  with  care,  this  gain  and  loss  of  heat  can  be 
very  nearly  accounted  for  in  an  ordinary  machine,  as  manufac- 
tured for  commercial  purposes  and  working  under  the  conditions 
of  everyday  practice. 

Carbon  Dioxide  Refrigerating  Plant.— One  method  of  cooling 
buildings,  <fec.,  on  a  large  scale,  is  to  employ  a  strong  brine 
obtained  by  dissolving  sodium  chloride  or  common  salt  in  water. 
This  brine  is  first  cooled  by  passing  it  through  the  evaporator  of 
a  refrigerating  machine,  and  then  circulating  it  in  pipes  placed 
within  the  chambers  which  it  is  desired  to  cool. 
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In  the  accompanying  figure  all  the  essential  parts  are  shown 
of  a  small  refrigerating  machine  as  manufactured  by  Messrs. 
J.  <fc  E.  Hall,  of  Dartford,  for  cooling  small  provision  stores, 
dairies,  <fcc.,  where  the  pump  may  be  conveniently  driven  by  a  belt. 
In  larger  machines,  the  evaporator  is  contained  in  a  separate 
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Index  to  Parts. 

G  for  Gauges. 
E    „    Evaporator. 
SV    „    Stop  Valves. 


C  for  Compressor. 
S    ,,    Separator. 
CC    ,,    Condensing  Coils. 
R   ,,    Regulator. 


vessel  and  the  compressor  is  driven  by  a  compound-  or  triple- 
expansion  engine ;  but,  for  the  sake  of  compactness  in  this  case, 
the  evaporator  is  placed  within  its  condenser,  and  the  inter- 
vening space  between  them  is  carefully  insulated  by  means  d 
some  non-conductor,  such  as  hair  f<  It  or  slagwool.     The  coils  of 
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piping  which  form  the  condenser  and  evaporator  are  welded  into 
continuous  lengths  and  so  connected  that  all  joints  shall  occur 
in  accessible  positions.     These  and  all  the  other  gas  joints  are 
made  by  inserting  copper  rings  turned   from   the  solid  metal 
between  a  pair  of  flanges  or  union  coupling.     This  form    of 
joint  has  been  found  very  satisfactory.     The  condenser  casing, 
Corliss  frame  and  bearings  for  the  compression  pump,  <fec.,  are  all 
made  of  cast  iron  in  one  casting.     The  compressor  C  is  made  of 
special  hard  bronze  in  order  to  ensure  freedom  from  spongy 
places,  while  the  suction  and  delivery  valves  are  identical  in 
shape  and  size  so  that  they  may  be  interchangeable.     The  com- 
pressors  for  larger  machines  are  bored  out  of  solid  steel  forgings. 
This  ensures  strength  together  with  sound  material.     A  true 
bore  is  also  provided  for  the  smooth  working  of  the  cupleathers 
with  which  the  pistons  are  packed.     The  gland  is  made  gas-tight 
by  means  of  two  U-leathers  fitted  over  the  compressor-rod  and 
glycerine  is  forced  between  them  under  a  somewhat  greater 
pressure  than  that  in  the  compressor.     Any  leakage  which  takes 
place  is  therefore  of  glycerine — outwards  (which  can  be  collected 
and  used  over  again)  and  inwards — which  both  lubricates  the 
interior  of  the   compressor  and  fills  up  the  clearance  spaces, 
thereby  increasing  the  efficiency  of  the  machine.     The  superior 
pressure  of  glycerine  in  the  gland  is  obtained  by  utilising  the 
pressure  in  the  condenser  acting  through  a  small  intensifies 
similar  to  those  in  use  in  hydraulic  installations.    Any  glycerine 
which  passes  into  the  compresser,  beyond  what  is  necessary  to 
fill  up  the  clearance  spaces  is  discharged  with  the  gas  through 
the  delivery  valves.     In  order  to  prevent  this  glycerine  passing 
into  the  condenser  coils,  all  the  gas  is  delivered  into  a  separator 
S  and  caused  to  impinge  against  the  sides  of  this  vessel.     The 
glycerine  adheres  to  its  sides  and  drains  to  the  bottom  from 
which  it  may  be  drawn  off  from  time  to  time,  thus  permitting 
the  dry  compressed  gas  to  pass  away  by  an  opening  at  the  top  of 
the  separator  to  the  evaporator  E. 

One  feature  of  these  machines  is  the  safety  valve,  which  is 
fitted  to  the  gas  circuit  immediately  above  the  compressor,  so 
that  no  harm  can  be  done  to  the  machine  even  if  carelessly 
started  with  the  stop  valves  closed.  It  consists  of  an  ordinary 
spring  safety  valve,  beneath  which  is  a  thin  copper  disc,  designed 
to  burst  at  a  certain  pressure.  This  disc  can  be  made  perfectly 
gas-tight,  which  could  not  be  so  easily  accomplish rd  by  the  spring 
safety  valve  alone.  The  latter  only  comes  into  play  in  the  event 
of  a  rupture  of  the  copper  disc. 

Anhydrous  Ammonia  as  a  Refrigerating  Agent  —  The  most 
important  advantages  possessed  by  anhydrous  ammonia  as  an 
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agent  for  cooling  purposes  are,  its  freedom  from  the  danger  of 
explosion,  its  great  latent  heat  and  low  pressure  of  vapor- 
isation.* The  latent  heat  of  vaporisation  of  1  lb.  of  carbonic 
acid  at  0°  F.  is  123  units,  and  of  ammonia  555  units,  while  the 
respective  pressures  in  lbs.  per  square  inch,  at  the  same  tem- 
perature, are  310  lbs.  in  the  case  of  carbonic  acid  and  only 
30  lbs.  with  ammonia.  It  follows,  therefore,  that  a  carbonic 
acid  plant  must  be  constructed  to  deal  with  pressures  of  about 
1,000  lbs.  per  square  inch  as  against  only  150  lbs.  or  so,  in  an 
ammonia  machine.  The  exact  pressures  in  each  case  are 
directly  proportional  to  the  temperature  of  the  condensing 
water. 

As  already  stated,  this  agent  is  more  commonly  used  than 
any  other,  and  in  the  United  States  of  America,  where  refriger- 
ation is  applied  to  an  extent  unknown  elsewhere,  the  machine 
generally  employed  is  on  the  ammonia  compression  principle. 
It  is  similar  to  the  carbonic  acid  machine  in  so  far  as  the 
complete  system  consists  of  (1)  a  compression,  (2)  a  condensing, 
and  (3)  an  expansion  part;  moreover,  the  cycle  of  operations 
is  exactly  the  same. 

De  La  Vergne's  Refrigerating  Plant. — There  are  many  different 
kinds  of  ammonia  machines  in  use,  but  a  general  description  of 
one  of  the  best  known  and  most  extensively  applied — viz.,  the 
"  De  La  Vergne  w  as  manufactured  by  Messrs.  il  Sterne  <fc  Co., 
Ltd.,  of  the  Crown  Iron  Works,  Glasgow,  may  be  taken  as  a 
typical  example. 

In  the  following  figure,  A  represents  the  ammonia  com- 
pressor driven  by  a  steam  engine  R.  The  gas  which  is  returned 
from  the  expansion  coil  N,  placed  in  the  cooling  chamber,  enters 
the  cylinder  A  by  the  pipe  B,  and  after  being  compressed 
therein  it  is  discharged,  through  the  pipe  C  into  a  pressure  tank 
D,  together  with  a  certain  amount  of  sealing  oil  Here,  the  oil, 
being  heavier  than  the  ammonia  gas,  naturally  falls  to  the 
bottom,  and  the  hot  ammonia  passes  from  the  top  of  this 
tank  by  a  pipe  E  to  the  condensers  F  :  where,  the  coofing 
action  of  cold  water  trickling  over  the  pipes  causes  the  gas  to 
liquefy.  It  then  passes  through  pipes  G,  G  to  a  header  H,  and 
from  thence,  to  a  storage  tank  I,  which  is  simply  a  receptacle 
for  holding  a  reserve  supply  of  liquid  ammonia.     From  this  tank 

*  A  liquid  with  a  high  latent  heat  of  evaporation  need  not  necessarily 
be  a  good  refrigerating  agent,  and  vice-verad.  What  is  required  is,  that 
its  specific  heat  should  he  Tow  in  proportion  to  the  latent  heat  of  evapora- 
tion. Or,  we  require  as  great  a  difference  as  possible  between  the  latent 
heat  of  evaporation  and  the  specific  heat  of  the  liquid  multiplied  by  the 
range  of  temperature  in  the  condenser  and  refrigerator.  „, - 
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it  is  conveyed  by  a  pipe  J  to  a  separating  vessel  K,  where  any 
particles  of  oil  that  may  have  been  carried  over  with  the  liquid 
are  finally  separated  and  the  pure  liquid  ammonia  is  free  to  leave 
it  by  a  pipe  L  to  the  expansion  coils  in  the  chambers  to  be 
cooled.  The  cock  for  admitting  the  ammonia  to  these  coils  can 
be  regulated  to  any  degree  of  minuteness.  It  thus  serves  to 
separate  the  high  pressure  from  the  low  pressure  part  of  the 
apparatus.  Hence,  the  liquid  ammonia  on  passing  the  expan- 
sion cock  enters  the  cooling  coils,  which  are  maintained  at  a  low 
pressure  by  the  pumping  action  of  the  compressor.  Here,  it 
immediately  flashes  into  gas  and  by  abstracting  from  its  sur- 
roundings the  heat  necessary  to  cause  this  change,  the  tempera- 
ture of  the  room  is  lowered  to  any  desired  extent'  After 
having  thus  done  its  work  in  the  cooling  chamber,  the  gas  is 
returned  to  the  compressor  by  a  pipe  B,  to  again  undergo  the 
same  cycle  of  operations. 

The  sealing  oil  passes  from  the  bottoms  of  the  pressure  and 
separating  tanks  D  and  K,  by  the  pipes  a  and  d  to  the  oil 
cooler  b ;  thence,  by  pipe  c  to  the  oil  strainer  d  and  the  pipe  e  to 
the  oil  pump  f\  by  which,  it  is  again  circulated  through  the 
compressor  A. 

De  La  Vergne's  Double-Acting  Compressor. — The  accompany- 
ing figure  is  a  section  through  a  uDe  La  Vergne"  double- 
acting  compressor,  and  shows  the  use  of  the  oil  seal.  In  all 
ammonia  compressors,  a  certain  amount  of  oil  is  required  for 
lubricating  purposes,  and  if  the  compressor  be  arranged  in  the 
ordinary  way,  the  discharge  valves  at  the  lower  end  are  placed 
either  on  the  bottom  or  at  the  side,  with  the  result  that  the  oil 
is  discharged  be/ore  the  gas.  The  oil  ought,  however,  to  be  dis- 
charged after  all  the  gas  is  gone ;  otherwise,  re-expansion  takes 
place  which  would  entail  a  loss  of  efficiency.  In  the  "  De  La 
Vergne  "  compressor  this  difficulty  has  been  avoided  in  the  fol- 
lowing manner: — At  the  lower  right-hand  end  of  the  compressor, 
two  discharge  valves  are  fitted  into  a  side  pocket,  with  the  one 
fair  above  the  other.  On  the  down  stroke,  either  of  the  valves  or 
both  may  open  until  the  piston  covers  the  upper  one,  when  only 
the  lower  valve  is  open  to  the  condenser.  In  the  further  course 
of  the  piston  and  as  soon  as  the  lower  valve  is  also  closed,  the 
upper  one  comes  into  direct  communication  with  an  annular 
chamber  in  the  piston.  This  chamber  has  valves  in  its  bottom 
side  which  open  into  it,  as  soon  as  all  other  inlets  on  the  lower 
side  of  the  piston  are  closed.  The  gas,  therefore,  first  heaves 
the  compressor  and  then  the  oil  follows,  thus  permitting  no  gas 
to  remain  in  the  lower  side  after  the  completion  of  the  down 
stroke.     The  effect  of  the  oil  seal  is  to  make  the  compressor 
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work  with  practically  no  clearance  and  thus  a  maximum  of 
efficiency  is  obtained.  The  oil  also  serves  to  carry  away  a  con- 
siderable amount  of  the  heat  of  compression  and  to  seal  all 
the  valves  and  stuffing-boxes. 

Attention  may  now  be  drawn  to  a  few  of  the  details  of  the 
above  plant.  In  the  first  place,  it  will  be  noticed  that  the 
ammonia  condenser  is  not  of  the  ordinary  type  where  the  coils 
containing  the  gas  are  usually  submerged  in  a  water  tank,  but 
they  are  of  the  open  or  atmospheric  type.  Here,  water  is  kept 
constantly  trickling  over  the  condenser  pipes,  and  the  cooling 
action  is  therefore  considerably  assisted  by  the  evaporation 
thereof  from  the  surface  of  the  pipes,  which  enables  a  maximum 
of  condensation  to  be  effected  with  a  minimum  of  water  supply. 
It  also  leaves  all  the  pipes  of  the  condenser  open  for  examina- 
tion and  cleansing.  This  style  of  condenser  is  now  coming  into 
extensive  use  for  the  condensation  of  steam  in  large  factories. 
In  the  second  place,  it  will  be  seen  that  the  refrigerating  or 
cooling  effect  is  caused  by  the  direct  expansion  of  the  ammonia 
in  pipes  placed  in  the  chamber  to  be  cooled.  This  does  away 
with  the  unavoidable  loss  of  efficiency  due  to  the  use  of  a  supple- 
mentary medium  such  as  brine.  It,  however,  necessitates 
very  careful  coupling  up  and  jointing  all  the  expansion  coils, 
in  order  to  prevent  any  leakage  of  the  ammonia  gas ;  more 
especially,  in  the  case  of  a  large  plant  where  there  may  be  as 
much  as  ten  or  more  miles  of  piping  in  these  cooling  coils.  In 
practice,  however,  these  details  have  been  so  carefully  worked 
out,  that  many  hundreds  of  miles  of  such  piping  are  constantly 
at  work  without  giving  the  slightest  trouble.  Consequently, 
the  old-fashioned  method  of  brine  circulation  is  not  now  so 
generally  employed  except  on  board  ship,  where  there  is  a  possi- 
bility of  undue  rocking  or  straining  of  the  pipes  and  where  it  is 
considered  advisable  to  use  something  that  would  cause  no 
disagreeable  odour  in  case  of  a  broken  pipe  or  joint. 

In  applying  the  refrigerating  machine  to  the  manufacture  of 
ice,  the  simplest  method  is  to  place  the  expansion  or  cooling 
coils  in  a  tank  filled  with  brine  or  other  non-congealable  liquid, 
while  the  water  to  be  frozen  is  placed  in  moulds  of  suitable  size, 
which  are  then  inserted  into  this  brine  until  frozen.  The  pur- 
pose served  by  the  brine  in  this  case  is  to  convey  the  heat  from 
the  water  to  the  cooling  pipes.  It  is  therefore  generally  kept  in 
slow  circulation  in  order  to  ensure  that  the  temperature  shall  be 
as  uniform  as  possible  throughout  the  tank.  If  ordinary  well 
water  be  placed  in  the  moulds,  the  resulting  ice  will  contain  so 
much  air  that  it  will  be  turned  out  of  a  milky  white  and  opaque 
colour;  but  if  the  water  whilst  in  the  process  of  freezing  be  kept 
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in  slow  motion  by  means  of  agitators,  this  air  escapes,  and  a 
clear  glassy  ice  is  the  result. 

Another  method  of  obtaining  clear  ice  is  to  use  distilled 
water.  This  has  also  the  advantage  of  getting  rid  of  any 
objectionable  matter  which  might  be  in  solution. 

The  Linde  System  of  Refrigeration. — This  system  was  first 
introduced  into  Germany  in  the  year  1875  by  Professor  Linde, 
who  was  then  one  of  the  teaching  staff  at  Munich  University. 
In  this  country,  however,  prior  to  1888,  the  principal  cold-pro- 
ducing machinery,  as  manufactured  for  both  land  and  marine 
purposes,  was  the  simple  cold  air  machine,  in  which  refrigeration 
is  produced  by  the  compression,  cooling  when  under  compression 
by  means  of  water  and  subsequent  expansion  of  ordinary  atmo- 
spheric air.  These  machines,  although  simple  in  construction 
and  giving  very  good  results,  possess  the  disadvantage  of 
requiring  a  large  amount  of  power  to  work  them  in  comparison 
with  those  employing  more  efficient  refrigerating  agents.  Con- 
sequently, the  former  method  has  now  very  largely  given  way  to 
one  or  other  of  the  latter,  of  which  the  Linde  system  is  one  of 
the  mobt  successful,  seeing  that  over  3,000  of  these  machines 
have  been  constructed  up  to  September,  1897,  representing  an 
output,  as  rated  by  the  capability  of  producing  69,200  tons  of 
ice  every  twenty-four  hours.  In  America  the  largest  machine 
turned  out  upon  any  system  is  rated  at  500  tons  of  ice  per 
twenty-four  hours. 

The  Linde  System  of  Refrigeration  is  identical  in  principle, 
and  only  differs  in  mechanical  details  from  the  De  La  Vergne 
previously  described.  It  is,  therefore,  based  on  the  evaporation 
of  liquid  anhydrous  ammonia  and  the  subsequent  liquefaction 
thereof  by  means  of  mechanical  compression,  together  with  the 
cooling  of  the  vapour  thus  formed,  so  as  to  enable  it  to  be  used 
over  and  over  again.  As  will  be  seen  from  the  accompanying 
illustration,  the  self-contained  motive-power  plant,  as  chietiy 
used  on  board  ship,  consists  of  a  horizontal  steam  engine  on  the 
right,  with  a  horizontal  duplex  compressor  pump  to  the  left,  and 
an  ammonia  condenser  in  the  sole  plate.  As  far  as  the  com- 
pressor is  concerned,  the  chief  differences  between  the  Linde 
and  the  De  La  Vergne  systems  are : — 

(1)  That  in  the  former  a  horizontal  compressor  is  used 
instead  of  a  vertical  one  in  the  latter  case. 

(2)  That  a  special  oil  (not  susceptible  to  change  at  any  tem- 
perature attainable  by  the  machine,  which  does  not  contain  any 
acid  or  other  deleterious  matter,  and  which  does  not  saponify 
when  brought  into  contact  with  ammonia  is  used  solely  for 
lubricating  purposes.     Whereas,  the   oil    used   in   the   De   La 
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Vergne  system  serves  not  only  as  a  lubricant  to  the  working 
parts,  but  also  to  partly  carry  away  the  heat  of  compression, 
and,  further,  to  fill  up  the  clearance  spaces,  as  well  as  to  seal  the 
valves,  glands,  <fcc.,  so  as  to  prevent  the  escape  and  consequent 
inconvenient  smell  of  ammonia. 

(3)  In  the  Linde  system  a  small  quantity  of  liquid  ammonia 
is  introduced  into  the  compressor  during  each  suction  stroke  for 


Ship  Kkfriukkating  Machinery  on  the  Linde  System. 
By  The  Linde  British  Refrigerating  Company. 

the  purpose  of  cooling  the  vapour  of  ammonia.  This  liquid 
ammonia  evaporates  during  compression,  and  thus  the  heat  due 
to  compression,  which  would  otherwise  appear  as  sensible  heat, 
is  thereby  absorbed  and  rendered  latent  in  producing  the  change 
in  the  physical  state  of  the  liquid.  The  curve  of  compression  is 
thus  kept  down  as  nearly  as  may  be  to  the  isothermal  line,  and 


552  LECTURE   XXXVII 

the  power  required  for  compression  is  to  this  extent  correspond- 
ingly reduced. 

Apparatus  for  Transmitting  the  Cold  Produced  to  the  Chambers 
requiring  Refrigeration. — The  following  general  principles  are 
adopted  for  transferring  the  cold  generated  by  the  refrigerating 
machinery  to  the  chambers  or  rooms  requiring  to  be  cooled. 

First  Method, — An  uncongealable  solution  of  salt  (chloride 
of  sodium)  in  water  is  reduced  by  the  refrigerating  machine  to 
a  low  temperature,  and  this  liquor  acts  as  transmitter  of  cold  in 
one  of  the  following  methods  : — 

(a)  The  cold  brine  is  constantly  circulated  from  the  brine 
refrigerator  through  pipes  placed  in  the  refrigerated  chambers, 
and  returned  to  the  brine  cooler.  The  result  is  that  not  only 
is  heat  abstracted  from  the  air  of  the  refrigerated  rooms,  but 
also  a  large  degree  of  the  moisture  which  may  be  present  in 
them.  This  moisture  is  condensed  on  the  exterior  of  the  brine 
pipe  systems  either  in  the  form  of  condensed  water  or  hoar-frost. 
Suitable  drip  trays  are  provided,  in  order  to  prevent  this 
moisture  from  falling  upon  the  contents  of  the  rooms.  The  cir- 
culation of  air  with  this  system  is  a  moderate  one,  being  produced 
merely  by  the  differences  between  the  temperatures  prevailing 
near  the  brine-pipes  and  those  in  the  lower  parts  of  the 
rooms. 

(b)  The  brine  is  cooled  in  a  shallow  rectangular  open  tank  con- 
taining the  evaporator  coils.  On  the  tank  is  mounted  a  number 
of  slowly  revolving  transverse  shafts,  and  on  each  shaft  is  fixed 
a  number  of  parallel  discs,  partly  immersed  in  the  brine,  the 
entire  apparatus  being  placed  in  an  insulated  passage  through 
which  an  air  current  is  continually  passed  by  a  fan,  in  a  direction 
parallel  to  the  revolving  discs.  It  will  be  seen,  that  as  the  discs 
revolve  and  are  kept  covered  by  a  film  of  the  refrigerated  brine, 
the  air  passing  between  the  disc-spaces  becomes  cooled,  and  pro- 
duces a  low  temperature  in  any  chamber  or  room  into  which  it 
may  be  conducted  through  properly  arranged  air-trunks.  As  a 
rule  the  air  is  always  taken  back  from  the  cold  rooms,  passed 
over  the  discs  and  returned  to  the  cold  rooms,  and  any  required 
amount  of  fresh  air  is  introduced  by  means  of  adjustable  openings 
in  the  air-trunks,  communicating  with  the  outer  atmosphere. 
In  this  instance,  also,  moisture  may  be  removed  from  the 
refrigerated  rooms  and  deposited  in  the  brine  contained  in  the 
trough.  No  accumulation  of  frost  can  take  place,  and  the 
refrigerated  surfaces  are  always  perfectly  active.  The  circum- 
etance  of  all  moisture  being  deposited  in  the  brine  necessitates 
either  a  periodical  loss  of  the  same  or  its  re-concentration.  The 
fan  produces  a  very  effective  air  circulation  within  the  rooms  to 
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be  cooled.  This  in  most  cases  is  extremely  desirable,  and,  as  will 
be  readily  understood,  pioduces  the  most  beneficial  results. 

Second  Method. — Instead  of  using  an  uncongealable  liquid  as 
a  bearer  of  cold,  the  refrigerator  coils  (in  which  the  vaporisation 
of  the  liquid  anhydrous  ammonia  takes  place)  are  sometimes  con- 
structed with  extra  large  surfaces,  and  placed  either  in  the  upper 
part  of  the  rooms  to  be  cooled,  or  in  a  separate  chamber.  In  the 
latter  case,  a  fan  constantly  circulates  the  air  between  this 
chamber  and  the  refrigerated  rooms.  This  is  the  system  gener- 
ally adopted  on  board  ships,  and  has  been  found  to  be  in  all 
respects  most  satisfactory.  In  cases  where  the  air  temperature 
is  not  sufficiently  high  to  cause  a  complete  removal  of  the  snow 
deposited  on  the  ammonia-coils,  the  snow  is  thawed  by  the 
ammonia  vapours  themselves,  the  evaporator-coils  being  for  the 
time  used  as  a  condenser.  Occasionally  the  snow  is  thawed  by  a 
current  of  hot  air  taken  from  the  outside. 

Although  all  of  these  methods  have  beenapplied  on  an  extensive 
scale,  the  system  most  strongly  recommended  in  cases  where 
its  application  is  possible  is  the  combination  of  revolving  discs 
immersed  in  brine.  There  are  no  brine  or  ammonia  pipes  in 
the  rooms ;  whilst  the  rapid  air  circulation  by  the  fan  is  easily 
managed,  and  has  been  found  in  most  cases  to  be  requisite  for 
obtaining  a  satisfactory  result  as  to  purity,  dryness,  and  equable 
temperature  in  all  the  rooms. 

Where  circumstances  require  the  refrigerated  rooms  to  be  at  a 
distance  from  the  refrigerating  machine,  it  is  generally  most 
convenient  to  place  bundles  of  brine  pipes  in  each  room ;  but 
even  in  such  a  case,  in  the  event  of  a  small  amount  of  motive 
power  being  available  close  to  such  rooms,  the  system  ot  revolving 
discs  and  fans  can  be  readily  applied,  the  brine  being  cooled  in  a 
refrigerator  near  the  compressor,  and  conveyed  to  and  from  the 
disc  tanks  through  insulated  pipes. 

A  large  beef-chilling  plant  on  the  Linde  system  was  erected  in 
the  beginning  of  1890  at  the  Woodside  lairage  of  the  Mersey 
Dock  and  Harbour  Board.  It  is  capable  of  chilling  660  carcases 
of  beef,  each  weighing  about  9  cwts.,  from  90  degrees  Fahr.  to  33 
degrees  in  17  hours.  It  consists  of  a  horizontal  compound 
tandem  jet-condensing  steam  engine,  which  drives  a  double-acting 
Linde  compressor  at  the  rate  of  about  65  revolutions  per 
minute,  when  supplied  with  steam  at  120  lbs.  pressure  from  a 
marine  type  boiler.  The  air-cooling  apparatus  consists  of  two 
disc  tanks,  placed  above  the  chill  rooms,  at  one  end.  Each  disc 
system  has  its  own  fan,  which  draws  the  air  from  the  top  of  each 
of  the  chill  rooms,  passes  it  over  the  discs,  and  drives  it  into  the 
rooms  at  the  opposite  end  to  that  from  which  it  is  withdrawn. 
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The  ammonia  condenser  is  placed  in  the  compressor  room,  and  ia 
supplied  with  cooling  water  by  a  pump  which  takes  its  supply 
from  a  well,  fed  with  the  drainage  water  from  the  Mersey  Tunnel. 
After  passing  through  the  ammonia  condenser  the  water  is  used 
in  the  condenser  of  the  steam  engine.  There  are  six  chill  rooms, 
each  about  55  ft.  long  by  14  ft  wide,  and  about  13  ft  high. 
The  walls  of  the  rooms  are  built  of  brick,  with  air  spaces.  The 
floors  are  cement,  and  the  ceilings  are  timber,  covered  with  a 
layer  of  fine  ashes.  The  air-cooling  apparatus  is  contained  in  an 
insulated  casing,  which  is  so  arranged  as  to  cause  the  air  to 
come  in  contact  with  the  cooled  surfaces  of  the  discs. 
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Pneumatic  Tools. — The  pneumatic  tools  of  the  present  day, 
form  most  useful  appliances  in  up-to-date  engineering  shops. 
They  are  adaptable  to  many  kinds  of  work  of  which  the  fol- 
lowing are  a  few  examples : — 

Classes  of  Pneumatic  Hammers.— These  may  be  divided  into 
two  classes — (a)  the  valueless  hammer,  and  (6)  the  valve  hammer. 

(a)  The  valveless  hammer,  as  its  name  implies,  has  no  separate 
valve,  but  its  striking  piston  or  plunger  does  duty  as  a  valve, 
and  regulates  the  proper  admission  of  air  to  alternate  ends  of 
the  working  cylinder. 

(6)  The  valve  hammer  has  a  reciprocating  valve  placed  either 
horizontally  or  vertically,  which  controls  the  admission  of  the 
air  to  the  working  cylinder  and  also  the  exhaust  therefrom. 
The  valve  hammer  is  the  type  in  general  use  throughout 
engineering  shops  and  shipyards,  since  the  valve  less  hammer 
is  too  rapid  and  light  in  its  blow.  The  estimated  number  of 
strokes  per  minute  of  the  "valve  hammer"  is  from  700  to 
2,000;  whereas,  in  the  case  of  the  "valveless  hammer/'  they 
may  vary  from  10,000  to  18,000  strokes  per  minute. 

Uses  and  Capabilities  of  Pneumatic  Hammers. — When  used 
for  caulking,  they  will  perform  the  work  of  three  to  four  skilled 
hand  caulkers.  When  used  in  the  foundry  for  scarfing  or 
dressing  castings,  they  will  do  the  work  of  from  four  to  five 
men.  In  general  chipping,  they  will  do  the  work  of  at  least 
three  men.  They  are  also  used  in  stone  dressing,  lettering, 
and  carving,  with  considerable  saving  in  time  and  cost. 

The  Cleveland  Hammer.* — A  further  development  of  pneumatic 
chipping  and  caulking  hammers,  is  found  in  the  hand  pneu- 
matic riveting  hammer.  We  have  here  chosen  to  illustrate 
and  describe  the  "Cleveland  Hammer,"  which  is  very  strong 
and  at  the  same  time  simple  in  construction,  for  it  has  only  one 
solid  steel  valve. 

Action  of  l/ie  Cleveland  Hammer. — Referring  to  the  diagram, 
with  index  to  parts,  of  this  hammer,  it  will  be  seen,  that  it 
consists  of  the  handle,  H,  which  is  connected  to  the  barrel,  B, 
by  the  coupling  sleeve,  C  S.  Inside  this  barrel  is  placed  the 
plunger,  P,  whilst  between  the  end  of  the  barrel  and  the  handle 
is  secured  a  valve  block  button,  V  Br  an  I  valve  block,  V  B.,, 
in  which  the  valve,  V,  works.  Compressed  air  is  admitted  to 
the  inter  or  of  the  hammer  by  the  action  of  the  trigger  or  latch, 
L,  upon  the  latch  valve  pin,  Y  P,  which  in  turn  acts  upon  the 
latch  valve,  L  V,  and  valve  sprinir,  V  S.     The  compressed  air 

*  We  are  indebted  to  Messrs.  John  Turiibull,  .Tun. ,  &  Sons,  Hydraulic 
and  Pneumatic  Engineers,  Glasgow,  for  Die  original  figures  frooi  which 
the  illustrations  in  this  article  were  produced. 
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when  admitted,  passes  through  a  hollow  chamber  in  the  handle, 
H,  and  acts  upon  the  valve,  V,  thus  rapidly  moving  the  plunger, 
P,  backwards  and  forwards.  A  rivet  set,  R  S,  is  placed  in  the 
end  of  the  hammer  or  tool  nose,  TN,  and  held  by  a  spring 


Sectional  View  of  a  "Cleveland"  Pneumatic  Hammer. 
Index  to  Parts. 


H  for  Handle. 

V  P  „  Latch  valve  pin. 

V  C  ,,  Latch  valve  casing. 

V  S  ,,  Latch  valve  spring. 
L  V  ,,  Latch  valve. 

LP  ,,  Latch  pin. 

L  ,,  Latch. 

V  B,  ,,  Valve  block  button. 
V  „  Valve. 


C  S  for  Coupling  sleeve. 


B 
P 
TN 
VBa 
SH 
RS 
CB 


Barrel. 
Plunger. 
Tool  nose. 
Valve  block. 
Spring  holder-on. 
Rivet  set. 
Cap  bolt. 


holder-on,  S  H.  The  rivet  set,  R  S,  must  be  placed  hard  on 
the  rivet,  before  the  compressed  air  is  admitted,  otherwise  the 
plunger  and  rivet  set  would  be  blown  out  of  the  hammer. 

Capabilities  of  the  Cleveland  Hammer.  —  With  one  of  these 
riveting  hammers  a  man  can  fix  and  finish  100  of  J-inch  rivets, 
90  of  | -inch,  80  of  f-inch,  and  70  of  f -inch  per  hour. 

Sizes  and  Speeds  of  Cleveland  Hammers, — These  hammers  are 
made  in  thirteen  sizes  to  take  in  all  classes  of  riveting  work.  The 
strokes  of  the  various  sizes  are  as  follows : — 


5-inch  stroke, 

6  ,,         » 

7  „ 

y  ii       »i 


800  strokes  per  minute. 

775       „ 

750       „ 

7U>       „  „ 

700       „ 


Thi3  allows  for  a  variety  of  work  ranging  from  ^-inch  cold  rivets 
up  to  and  including  l£-inch  hot  rivets. 

Pneumatic  Molder-up. — When  riveting  with  pneumatic  ham- 
mers, it  is  always  best  to  use  a  pneumatic  holder-up,  so  that 
the  head  of  the  rivet  shall  be  kept  close  up  to  the  plate.  Owing 
to  the  rapid  succession  of  blows  given  by  these  hammers,  the 
ordinary  hand  dolly-bar  is  not  so  suitable. 
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The  pneumatic  holder-up  consists  of  a  piston  placed  inside  a 
cylinder,  into  which  compressed  air  is  admitted.  The  end  of 
the  piston  being  kept  up  to  the  rivet  head  by  the  air  pressure 
in  its  cylinder. 

Pneumatic  Plant. — The  following  plant  would  be  required  for 
working  a  number  of  these  hammers  : — 

1.  Air  compressor,  either  belt,  steam,  or  electrically  driven. 

2.  An  air  receiver,  to  hold  not  less  than  the  output  of  the  air 
compressor  for  one  minute.  This  receiver  forms  an  important 
part  of  the  air  compressing  plant.  It  receives  the  air  in  pulsa- 
tions from  the  air  compressor,  until  a  pressure  of  about  100  lbs. 
per  square  inch  is  obtained,  and  then  delivers  it  to  the  tools  in 
a  steady,  even  flow.  It  also  receives  any  moisture  which  may 
be  in  the  compressed  air,  and  provision  must  be  made  in  the 
receiver  for  drawing  off  this  moisture. 

3.  Lines  of  wrought-iron  piping,  for  conveying  the  compressed 
air  to  convenient  parts  of  the  workshop.  These  pipes  should 
be  fitted  with  air  strainers,  in  order  to  clear  the  compressed 
air,  as  far  as  possible,  from  grit,  (fee. 

4.  Lengths  of  flexible  tubing  or  rubber-lined  hose  pipes,  to 
form  the  connection  between  the  line  of  wrought-iron  air  pipes 
and  the  pneumatic  tools. 

5.  Pneumatic  tools  to  perform  the  work  desired. 
Advantages  of  Pneumatic  Plant  for  Riveting  y  Chipping,  and 

Caulking. — 1.  This  system  is  perhaps  the  best  of  all  when 
applied  to  suitable  machines,  since  compressed  air,  on  account 
of  its  comparatively  low  pressure  and  weight,  is  more  easily 
distributed  than  water. 

2.  There  is  not  much  risk  from  freezing,  which  is  an  advantage 
where  plant,  pipes,  and  tools  are  of  necessity  exposed  to  cold 
weather.  In  cases,  however,  where  the  compressed  air  had  been 
allowed  to  contain  a  certain  percentage  of  moisture  in  it,  there 
has  been  a  little  trouble  in  the  winter  time,  due  to  ice  forming 
in  the  pipes. 

3.  The  cost  of  a  complete  pneumatic  plant,  is  said  to  be  not 
quite  so  much  as  that  for  a  corresponding  hydraulic  one. 

4.  As  previously  mentioned  in  this  article,  much  more  and 
quite  as  good  work  can  be  done,  than  by  ordinary  hand  riveting, 
chipping,  and  caulking. 
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Liotori  XXXVII.— QcrBnoirs, 

1.  Explain  the  fundamental  principles  upon  which  a  refrigerating 
macbine  works.  Note  specially  what  becomes  of  the  different  quantities  of 
heat  generated  and  absorbed. 

2.  Sketch  the  essential  parts  of  a  refrigerator,  and  describe  its  action. 

3.  What  are  the  advantages  which  a  vapour  possesses  over  a  permanent 
gas,  such  as  air,  for  ref  .-iterative  purposes  ? 

4.  What  are  the  requirements  of  an  economical  medium  for  use  in  a 
refrigerator  ? 

5.  Sketch  and  explain  the  plant  required  for  producing  cold  by  means  of 
carbon  dioxide. 

6.  Explain  the  reasons  that  have  led  to  the  adoption  of  anhydrous 
ammonia  ii  moat  modern  refrigerators,  and  mention  some  of  the  properties 
of  this  vapour. 

7.  Sketch  and  describe  any  well-known  arrangement  for  refrigerating; 
using  anhydrous  ammonia. 

8.  Explain  and  illustrate  some  of  the  ways  of  communicating  cold  to  a 
chamber  from  a  refrigerator. 

9.  Sketch  a  longitudinal  section  of  a  pneumatic  hammer  and  describe 
concisely  its  construction,  action,  and  uses.  State  the  advantages  which 
are  claimed  for  this  hammer  in  riveting,  chipping,  and  caulking  work. 
Compare  the  work  done  by  it  with  ordinary  hand  riveting,  chipping,  and 
caulking. 
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APPENDIX    A. 

EXAMINATION  TABLES. 

USEFUL  CONSTANTS. 

1  Inch  a  25 '4  millimetres. 

1  Gallon  =  -1605  cubic  foot  =  10  lbs.  of  water  at  62*  F. 

1  Knot  =  6080  feet  per  hour. 

Weight  of  1  lb.  in  London  =  445,000  dynes. 

One  pound  avoirdupois  =  7000  grains  =  4536  grammes. 

1  Cubic  foot  of  water  weighs  62*3  lbs. 

1  Cubic  foot  of  air  at  0°  C.  and  1  atmosphere,  weighs  '0807  lb. 

1  Cubic  foot  of  Hydrogen  at  0°  C.  and  1  atmosphere,  weighs  *U0557  lb. 

1  Foot-pound  »  1  -3562  x  107  ergs. 

1  Horse-power-hour  =  33000  x  60  foot-pounds. 

1  Electrical  unit  =  1000  watt-hours. 

Joule's  Equivalent  to  suit  Regnault's  H,  is    L™  £;}{£  "  J  c^1™11 

1  Horse-power  =  83000  foot-pounds  per  minute  =  746  watts. 

Volts  x  amperes  =  watts. 

1  Atmosphere  =  14  7  lb.  per  square  inch  =  2116  lbs.  per  square  foot.  = 
7G0  ni.m.  of  mercury  =  106  dynes  per  sq.  cm.  nearly. 

A  Column  of  water  2*3  feet  high  corresponds  to  a  pressure  of  1  lb.  per 
square  inch. 

Absolute  temp.,  t  »  0°  O.  +  273°-7. 

Regnault's  H  =  6065  +  '305  6°  0  *  1082  +  -305  8*  F. 

t>tt1-«M  =  479 

BO 
Jog  ..!>  =6-1007- j -^ 

where  log  l0B  =  31812,  log  10C  =  5*0871, 

p  is  in  pounds  per  square  inch,  t  is  absolute  temperature  Centigrade, 
u  is  the  volume  in  cubic  feet  per  pound  of  steam. 

One  radian  =  57*3  degrees. 

To  convert  common  into  Napierian  logarithms,  multiply  by  2*3026. 

The  base  of  the  Napierian  logarithms  is  e  =  2*7183. 

The  value  of  y  at  London  =  32*  82  feet  per  sec.  per  sec. 


_ 

10. 

. 

1 

9 

9 

4 

6 

6 

«f 

8 

9 

19S 

466 

789 

0000 

0043 

00% 

0128 

0170 

0212 

0253 

0294 

03?4 

0374 

4  8  12 

;7S1  2529  33  87 

11 

12 
IS 

14 
1ft 
16 

0414 
0792 
1180 

0453 
0828 
1173 

©452 

lfc*>4 
1206 

0631 
0890 
1239 

0669 
0934 
1271 

0807 
0960 
1308 

0646 
1004 
1336 

0682 
1038 
1867 

0719 
1072 
1399 

0765 
1106 
1430 

4  8  11 
3  7  10 
3  6  10 

16  19  23  26  30  84 
14  17  21  24  28  81 
13  16  19:23  26  29 

1461 
1761 
2041 

1402 
1700 

2068 

1523 
1818 
2095 

1553 

1847 
2122 

1684 
1875 
2148 

1614 
1903 
2176 

1644 
1931 
2201 

1678 
1959 
2227 

1703 
1987 
2253 

1782 
2014, 
2279 

3  6  9 
3  6  8 
3  6  8 

12  15  18 
11  14  17 
11  13  16 

[21  24  27 
20  22  25 
18  21  24 

11 
th 
i . 

W 

a 

2? 

2a 

94 

fH 

96 

28 
29 

2804 
1563 
2?88 

2330 
2577 
2810 

2355 
2601 
2833 

2380 
2625 
2866 

2405 
2648 
2878 

2672 
2900 

2466 
2605 
2923 

2480 
2718 
2946 

2504 
2742 
2967 

2629 
2765 
2989 

2  6  7 
2  6  7 
2  4  7 

10  12  15 
9  12  14 
9  11  13 

17  20  22 
W  19  21 
16  18  20 

8010 

8082 

8064 

8076 

8096 

8118 

3139 

3160 

8181 

8201 

2  4  6 

8  11  13 

16  17  19 

8222 
842* 
8C"» 

1802 
S979 
4160 

8243 
8444 

W86 

8263 
8464 

8655 

8284 
3483 
8674 

*304 
3502 
8692 

3324 
8522 
8711 

3345 
3541 
3729 

3366 
3560 
3747 

8386 

3579 
8766 

3404 
8598 
8784 

2  4  6 
2  4  6 

2  4  6 

8  10  12 
8  10  12 
7  9  11 

14  16  18 
14  16  17 
13  16  17 

*820 
890? 
4?66 

8838 

4014 
4188 

8856 

4031 
4200 

8874 
4048 
4216 

8892 

4066 
«2» 

3909 
4082 
4249 

8927 
4099 

*266 

8946 
4116 
4281 

3962 
4133 
4298 

2  4  5 
2  3  6 
2  8  6 

7  9  11 
7  9  10 
7  8  10 

12  14  16 
1?  14  15 
11  IS  15 

43)4 
4472 

4624 

4330 
4487 
4639 

4846 

450? 
v654 

48C? 
4518 
4609 

4378 
4533 

4689 

4393 
4548 
4698 

4409 
4564 

♦713 

4425 
4579 
4726 

4440 
4694 
4742 

4456 
4609 
4757 

2  8  5 
2  8  5 
18  4 

6  8  9 
6  8  9 
6  7  9 

1)  18  14 
11  12  14 
10  12  13 

39 

4771 

4786 

4800 

4814 

4829 

4848 

4867 

4871 

4886 

4900 

18  4 

6  7  9 

10  11  13 

SI 
22 

88 

4014 
606) 
6186 

4928 
5065 
5198 

4042 

5079 
6211 

«9&6 
6092 
6224 

6105 
6237 

«983 
5119 
5250 

4997 
5132 
6298 

5011 
6145 
6276 

5024 
6159 
6289 

6038 
6172 
5302 

1  8  4 

18  4 
18  4 

6  7  8 
6  7  8 
6  6  8 

10  11  12 
9  11  12 
9  10  12 

84 

88 

86 

87 
38 

89 

6816 
6441 

6328 
6458 
6676 

6840 
6466 

6687 

5353 
6478 
6590 

5366 
5490 
5611 

5378 
6502 
5628 

6*91 
5614 
6686 

5403 
552/ 
6647 

5416 
5689 
6658 

5775 
5888 
6699 

5428 
5551 
5670 

1   8  4 

1  2  4 

I  2  4 

6  6  8 

5  6  7 

6  6  7 

9  10  11 
9  10  11 
8  10  11 

6682 

6708 
6011 

6694 
6809 

6922 

6706 
6821 
6938 

6717 
6832 
6944 

6729 
6848 

6966 

6740 
5856 
6966 

676* 
5866 

6977 

6763 
687/ 
6968 

6786 
6899 

6010 

1  2  3 
l  2  3 
1  2  8 

5  6  7 
5  6  7 
4  5  7 

8  9  10 

6  9  10 
8  9  10 

40 

6021 

6081 

6042 

6068 

6064 

6076 

6085 

6096 

6107 

6117 

12  8 

4  6  6 

8  9  10 

41 
42 
48 

6128 
6282 
6386 

6188 
6248 
6346 

6149 
6258 
6365 

6160 
6263 
6366 

6170 
6274 
6375 

6180 
6284 
6386 

6191 
6291 
6396 

6201 
6304 
6406 

62l2 
6814 
6416 

6222 
632© 
6426 

12  8 
1  2  3 

12  8 

4  6  6 
4  6  6 
4  6  6 

7  8  0 
7  8  9 
7  6  9 

44 
46 

" 

4» 
49 

6435 
6532 
6628 

6444 
6542 
6637 

6454 
6551 
6646 

6464 
6661 
6666 

6474 
6671 
6666 

6484 
6580 
6676 

6498 
6500 
6684 

6508 
6599 
6693 

6613 
6600 
6702 

6522 
6618 
6712 

I  2  3 

1  2  8 
1  2  3 

4  6  6 
4  5  6 
4  6  6 

7  8  9 
7  8  9 
7  7  8 

6721 
6812 
6002 

6780 
6821 
6911 

6789 
6880 
6920 

6749 
6839 
6928 

6768 
6848 
6987 

6767 
6867 
6946 

6778 
6866 
6966 

6786 
6876 
6964 

6794 
6884 

6972 

€803 
6893 
6981 

1  2  3 
1  2  8 

1  2  8 

4  6  6 
4  4  6 
4  4  6 

6  7  8 
6  7  8 
6  7  8 

80 

6000 

6998 

7007 

7016 

7024 

7088 

7042 

7060 

7069 

7067 

1  2  3 

8  4  6 

6  7  8 

a 

88 

81 

7076 
7160 
7243 

7084 
7168 

mi 

7098 
7177 
7269 

7101 
7186 
.7267 

7110 
7198 
7276 

7118 
7202 
7284 

7126 
7210 
7292 

7136 
7218 
7800 

7143 
7226 
7808 

7162 
7286 

mo 

1  2  8* 
12  2 

12  2 

8  4  6 
8  4  6 
8  4  6 

6  7  8 
6  7  7 

e  e  r 

84 

7984 

7888 

7840 

7848 

7866 

7864 

7372 

7880 

7888 

7396 

1  2  2 

8  4  6 

6  6  7 

— 

566 


Logarithms. 


0 

1 

t 

9 

8 

i 

8 

T 

8 

• 

19  9 

4  9  8 

f  •  t 

M 

7404 

74)? 

7419 

7427 

7435 

7443 

7451 

7459 

7488 

7474 

12  8 

3  4  6 

6  6  7 

M 
W 
56 

7488 
7559 
7684 

7490 
7566 
7642 

'497 
7674 
7849 

7506 
7662 
7667 

7618 
7580 
7664 

7620 
7697 
7672 

7528 
7004 
7079 

75341 
7612 
7688 

76a 
7619 
7894 

7661 
7627 
7701 

1  8  2 

i  2  2 
»  1  * 

3  4  5 

6  6  7 

5  6  7 

6  6  7 

w 

•0 
CI 

it 

« 

64 

7709 
778S 
7863 

7716 
7789 
7800 

7723 
7796 
7868 

7731 
7803 
7875 

7738 
7810 
7882 

7746 
7818 
7880 

7762 
7825 
7396 

7760 

7838 
7908 

7787 
7839 
7910 

7774 
7846 
7917 

1  1  t 
I  I  t 

X    I    2 

8  4  4  I  ••  "  e  7 
3  4  4'*  6  6 
3  4  4>5  6  6 

7984 
7983 
8068 

793 » 
8000 
8069 

*93* 
8007 
8075 

7045 
8014 
8082 

7952 
8021 
8089 

7960 
8028 
8096 

7966 
8035 
8102 

7978 
8041 
8108 

7980 
8048 
8116 

7887 
8066 

8122 

1  I  X 
1  I  2 
1  I  2 

3  3  - 

3  1  1 

3   1  4 

777 

5  6  6 
5  5  C 
5  5  C 

ft 

8129 

8136 

8142 

8)49 

8156 

8108 

8189 

8178 

6182 

8189 

1  '  * 

6  6  6 

61 

if 
* 

ft 

70 
71 

72 

73 
71 

8195 
8861 
8386 

8461 
8613 

8202 
8267 
833^ 

8209 
8274 
8888 

82)6 
6280 
88*4 

*222 

6287 
8351 

8228 
8293 

8357 

8236 
8299 
8363 

8841 
8306 

8370 

8848 
8312 
8376 

8254 
8319 
8382 

1  1  2 
1  1  2 
1  1  2 

3  3  4 
J  3  4 
3  3  4 

5  &  6 
5  6  6 
4  6  6 

839b 
8467 
8M9 

8401 
8463 

8626 

8407 
8470 
8o3l 

64U 
8470 
8687 

8420 
6482 
8543 

8428 
8488 
8549 

8432 
8494 
8666 

8439 
8600 

8661 

8445 
8506. 

8667 

1  1  2 
)  1  2 
1  1  2 

2  3  4 

1  3  * 

2  3  4 

4  5b 
4  6  6 
4  6  5 

8573 
8633 
8692 

8579 
8039 
8008 

8585 
8045 
870f 

8501 
8051 
8710 

8697 
8667 
8716 

8608 
8603 

8722 

8609 

8609 
8727 

8615 
8676 
8733 

862) 
8681 
8789 

8627 
8686 

8745 

1  I  2 

112 
1  1  2 

2  8  4 
2  8  4 
2  8  4 

*  6  5 
4  6  5 

4  6  5 

75 

876) 

8766 

8762 

8768 

8774 

8779 

8786 

879) 

8797 

8802 

1  1  8 

2  8  3 

4  5  6 

78 
77 
78 

8808 
8866 
898) 

8814 
8871 
8927 

8820 
8876 
8982 

8826 
8882 
8988 

8831 
8887 
8943 

8887 
8898 

8949 

8842 
8899 
8954 

8848 
8904 
8960 

8864 

8910 
8986 

8859 
8916 
8971 

1  1  2 
1  1  2 
1  1  8 

2  8  3 
2  8  8 
2  8  3 

4  6  6 
4  4  6 

4  6  6 

79 
80 
81 

ft 
S3 
84 

8976 
9031 
9065 

8982 
0036 
9000 

8087 
9042 
9096 

8993 
9017 
9101 

8908 
9053 
9106 

8004 

9058 
9112 

9000 
9068 
9117 

9016 
0009 

9122 

9020 
9074 
9128 

9026 
9079 
9133 

1  1  2 

1  1  f 
1  1  2 

2  8  3 
2  3  3 
2  3  8 

4  4  5 
4  4  5 
4  4  6 

0138 
9191 
0243 

9294 

9143 
9196 
9248 

9149 
9201 
9253 

9154 
9206 
9258 

0169 
9212 
9263 

9165 
9217 
9269 

9170 
9222 
9274 

9176 
9227 
9279 

9180 
9232 
9284 

9186 
9238 
0280 

1  1  2 
1  1  2 
1  1  2 

2  8  8 
2  8  8 
2  3  8 

4  4  5 
4  4  5 
«  4  6 

ft 

9299 

9304 

9309 

9315 

9320 

0826 

9330 

9335 

9340 

1  1  2 

2  8  3 

4  4  6 

80 
87 
88 

b345 
9396 
9446 

9350 
9400 
9460 

9356 
9406 
9455 

9360 
9410 
9460 

0305 
9415 
9465 

9370 
9420 
9409 

9376 
9426 
9474 

9380 
9430 
9179 

9386 
9436 
9481 

9990 
9410 
9489 

1  1  2 

0  1  1 
0  1  1 

2  3  3 
?  2  3 
2  2  3 

4  4  5 

3  4  4 
3  4  4 

ft 
80 
91 

9404 
9548 
9590 

9499 
9647 
9696 

9504 
9552 
9600 

9509 
9557 
9605 

95L3 
0562 
9G00 

9618 
9506 
9014 

-9523 
9571 
0619 

9628 
9576 
9624 

9533 
0581 
0628 

9538 
9586 
0033 

a  l  l 

0  1  1 
0  1  1 

2  2  3 
2  2  3 
2  2  3 

3  4  4 

3  «  4 
3  4  4 

88 
03 
94 

9688 
9C85 

9781 

9643 
9630 
9736 

96«7 
969* 
9741 

9652 
9699 
9746 

9657 
9703 
9750 

9061 
9708 
9764 

9666 
9718 
9759 

9671 
9717 
9768 

9675 
9722 
9768 

9680 
9727 
9773 

0  1  1 
0  1  1 
0  1  1 

2  2  3 
2  2  3 
2  2  3 

3  4  4 
3  4  4 
3  4  4 

0777 

9782 

0-86 

9701 

9796 

9800 

9806 

9809 

9814 

9816 

0  1  l 

2  2  3 

3  4  4 

N 

97 

98 

0323 
986S 
9912 

9827 
9872 
9917 

9S3* 
9877 
9921 

9330 
9S81 
9926 

0341 
0880 
9930 

9846 
9890 
9934 

9S50 
0894 
9939 

9854 
9899 
9943 

9869 
9903 

9948 

9863 
9908 
9952 

0  1  1 
0  1  1 
0  1  1 

2  2  3 
2  2  3 
2  2  3 

3  4  4 
3  4  4 
3  4  4 

80 

9966 

9961 

9966 

9969 

9074 

9978 

9963 

9987 

9991 

9996 

Oil 

2  2  8 

'•v 

0 

1 

9 

3 

4 

6 

6 

7 

8 

9 

12  3 

466 

789 

-oo 

1000 

1002 

1005 

1007 

1009 

1012 

1014 

1016 

1019 

1021 

0  0  1 

ill 

2  2  2 

02 
03 

D4 
■05 
•06 

07 
•08 
•09 

1023 

1047 
1072 

1026 
1C50 
1074 

1028 
1052 
1076 

1080 
1064 
1079 

1033 
1067 
1081 

1035 
1059 
1084 

libs 

1062 
1086 

1040 
1064 

1089 

1042 
1067 
1001 

1045 
1069 
1094 

0  0  1 
0  0  1 
0  0  1 

l  l  l 
l  l  l 
l  1  l 

2  2  2 
2  2  2 
2  2  2 

1096 
1122 
1148 

1099 
1125 
1161 

1102 
1127 
1153 

1104 
1130 
1156 

1107, 
1182* 
1159 

1109 
1135 
1161 

1112 
1138 
1164 

1114 
1140 
1167 

1117 
1143 
1100 

1119 
1146 
1172 

0  1  1 
0  1  1 
0  1  I 

1  1  2 
112 
1  1  2 

2  2  2 
2  2  2 
2  2  2 

1175 
1202 
1130 

1178 
1205 
12S3 

1180 
1208 
1236 

1183 
1211 
1239 

1180 
1213 
1242 

1189 
1210 
1245 

1191 
1219 
1247 

1194 
1222 
1250 

1107 
1225 
1253 

1199 
1227 
1250 

0  1  1 
0  1  1 
0  1  1 

1  1  2 
1  1  2 
1  1  2 

2  2  2 
2  2  3 
2  2  3 

10 

11 
•12 
13 

1250 

1262 

1265 

1268 

1271 

1274 

1276 

1279 

1282 

1285 

0  1  1 

1  1  2 

2  2  3 

1288 
1318 
1340 

1291 
1321 
1852 

1204 
1324 
1355 

1297 
1327 
135S 

1300 
1330 
1361 

1303 
1334 
1365 

1306 
1337 
1363 

1300 
1340 
1371 

1312 
1343 
1374 

1315 
1340 
1377 

0  1  1 
0  1  1 
0  1  1 

1  2  2 
1  2  2 
12  2 

2  2  3 
2  2  3 
2  3  3 

14 
15 
16 

1380 
1413 
1445 

1384 
1416 
1449 

1387 
1419 
1452 

1390 
1422 
1465 

1303 
1426 
1450 

1396 
1429 
1462 

1400 
1432 
14G6 

1403 
1435 
1460 

1406 
1439 
1472 

1409 
1442 
1476 

0  1  1 
0  1  1 
0  I  1 

12  2 
I  2  2 
1  2  2 

2  3  3 
2  3  3 
2  3  3 

17 
18 
19 

1470 
1511 
1549 

1483 
1517 
1562 

1486 
1521 
1656 

1480 
1524 
1560 

1493 
1528 
1503 

1496 
1531 
1567 

1500 
1635 
1570 

1503 
1538 
1674 

1507 
1542 
1578 

1510 
1545 
1581 

0  1  1 
0  1  1 
0  1  1 

12  2 
1  2  2 
1  2  2 

2  3  3 

2  3  3 

3  3  3 

•20 

15S5 

15S9 

1692 

1590 

1600 

1603 

1607 

1611 

1614 

1616 

0  1  1 

1  2  2 

3  3  3 

•21 
•22 
•23 

J  622 
1600 
1698 

1626 
1663 
1702 

1629 
1667 
1706 

1633 
1671 
1710 

1037 
1C75 
1714 

1641 
1G79 
1718 

1644 
1683 
1722 

1648 
1687 
1726 

1052 
1690 
1730 

1G56 
1094 
1734 

0  1  1 
Oil 
0  1  1 

2  2  2 
7  2  2 
2  2  2 

3  3  3 
3  3  3 
3  3  4 

•24 
•25 

-26 

1738 
1778 
1620 

1742 

1782 
1824 

1746 
1786 
1828 

1750 
1701 
1832 

1754 
1795 
1837 

1758 
1799 
1841 

1762 
18C3 
1845 

1766 
1807 
1849 

1770 
1811 
1854 

1774 

1816 
1858 

Oil 
Oil 
0  1  1 

2  2  2 
2  2  2 
2  2  3 

8  3  4 
3  3  4 
3  3  4 

•27 
•28 
•29 

*0~ 

•31 
•32 
•33 

1862 
1005 
1050 

1866 
1910 
1954 

1871 
1914 
1959 

1875 
1019 
1963 

1S79 
1923 
1968 

1884 
1928 
1972 

1888 
1932 
1977 

1802 
1936 
1982 

1897 
1941 
1986 

1901 
1945 
1991 

0  1  1 
0  1  1 
0  1  1 

2  2  3 
2  2  3 
2  2  3 

3  3  4 
3  4  4 
3  4  4 

1095 

2000 

2004 

2009 

2014 

2018 

2028 

2028 

2032 

2037 

0  1  I 

2  2  3 

3  4  4 

2042 
2080 
2138 

2046 
2094 
2143 

2051 
2099 
2148 

2056 
2104 
2153 

2061 
2109 
2158 

2065 
2113 
2163 

2070 
2118 
2168 

2075 
2123 
2173 

2080 
2128 
2178 

2084 
2133 
2183 

0  1  1 
0  1  1 
0  1  1 

2  2  3 
2  2  3 
2  2  3 

3  4  4 
3  4  4 
3  4  4 

'34 
-35 

•36 

218H 
2239 
2201 

2193 
2244 
2290 

2193 
2249 
2301 

2203 
2254 
2307 

2208 
2259 
2312 

2213 
2265 
2317 

2218 
2270 
2323 

2223 
2275 
2328 

2228 

2280 
2333 

2234 
22Hfl 
2339 

I  1  2 
1  1  2 

1  1  2 

2  3  3 
2  3  3 
2  3  3 

4  4  6 
4  4  6 
4  4  5 

■37 
-38 
•39 

2344 

2309 
2455 

2350 
2404 
2460 

2355 
2410 
2466 

2360 
2415 
2472 

2366 
2421 
2477 

2371 

2427 
2483 

2377 
2432 
2460 

2382 
2438 
2496 

2888 
2443 
2500 

2393 
2419 

2506 

2504 

1  1  2 
1  1  2 
1  1  2 

2  3  3 
2  3  3 
2  3  3 

4  4  5 
4  4  5 
4  5  6 

•40 

2512 

2518 

2523 

2529 

2536 

2611 

2547 

2553 

2659 

1  1  2 

2  3  4 

4  5  5 

'41 
'42 
-43 

•44 
'45 
•46 

•47 
'48 

49 

2570 
2030 
2092 

2576 
2636 
2698 

2582 
2C42 
2704 

2583 
2649 
2710 

£594 
2655 
2716 

2C00 
2001 
2723 

2606 
2667 
2729 

2012 
2073 
2735 

2618 
2670 
.2742 

2G24 
2685 
2748 

1  1  2 
1  1  2 
1  1  2 

2  3  4 

2  8  4 

3  3  4 

4  6-6 
4  5*6 
4  6  6 

2754 
2818 
2884 

2761 
2825 
2891 

2767 
2831 
2897 

2773 
2S3S 
2004 

2780 
2844 
2911 

2786 
2351 
2017 

2793 
2858 
2924 

2799 
2864 
2931 

2805 
2871 
2938 

2812 
2877 
2944 

1  1  2 
1  1  2 
1  I  2 

3  3  4 
3  3  4 
3  3  4 

4  5  0 
6  6  6 

5  6  6 

2951 
3020 
3090 

2958 
3027 
3097 

2965 
8034 
3105 

2972 
8041 
81124 

2070 

3048 
3119 

2986 
3056 
8126 

2992 
8082 
3133 

2090 
8089 
3141 

8006 
8070 
8148 

3013 
3083 
3155 

I  1  2 
1  1  2 
1  1  2 

3  3  4 

3  4  4 
3  4  4 

6  6  6 
5  6  6 
5  6  6 

568 


AirnuMARiTnafc 


- 

0 

1 

t 

• 

4 

• 

• 

T 

8) 

• 

1183 

us: 

789 

It 

siat 

8170 

nn 

8184 

8192 

8189 

8808 

8814 

8881 

8828 

1    l   t 

8     4    4 

ft    ft    7 

IS 

8288 
8811 
8888 

3243 
8310 
8396 

8261 
8887 

8404 

8268 
8884 

8412 

8288 
8342 
8420 

8878 
8880 
8488 

8281 
8367 
8486 

8386 
8448 

8288 
8878 
8461 

8304 

3381 
3469 

its 
i  t  t 

18    2 

8    4    ft 
8    4    ft 
8    4    ft 

ft    ft    7 
ft    ft    T 
ft    8    7 

It 

8487 
3648 
8881 

8476 
8688 

8488 

8686 

8848 

8491 
8678 
8866 

8499 

8681 
8664 

8808 
8689 

8678 

8616 
8697 
8681 

8584 
8608 

8680 

8588 

8614 

3540 
3022 
3707 

1    t    t 

1    S    2 
1    9    8 

8    4    ft 
3    4ft 
8    4ft 

«    41    7 
8    7    7 
8    7    8 

•s? 

"88 

19 

8716 
8801 

8890 

8714 
8811 

8788 
8819 

8741 
88M 

8917 

8760 
8837 
8986 

8768 
8848 

8767 
88*6 

8945 

8776 
3864 
3964 

8784 
8878 
8968 

3793 
3882 

8972 

1    t    3 

1    t    8 

18    8 

3  4    6 

4  4     6 
4    6     6 

6    7    8 
6     7    8 

6    7    8 

*6 

8061 

3990 

8889 

4009 

4018 

4087 

4086 

4046 

4056 

4064 

18    8 

4    6    6 

6    7    8 

4074 
4100 
4286 

4088 

4178 
4276 

4098 

4188 
4286 

4102 
4106 
4295 

4111 
4207 
4306 

4121 
4217 
4316 

4130 
4227 
4826 

4140 
4230 
4336 

4160 
4246 
434S 

4158 
4256 
4356 

1   t    8 

1    2   8 
18   8 

4    6    6 
4    6ft 
4    6ft 

7    8    8 

7    8    9 
7     8    9 

*6 

4366 
4467 
4671 

4376 
4477 
4681 

4386 

4487 
4602 

4396 
4498 
4603 

4408 
4608 

4613 

4416 
4619 
4624 

4426 
4629 
4684 

4436 
4539 
4645 

4446 

4560 
4656 

4467 
4560 
4667 

its 
its 
its 

4    5    7 
4    6ft 
4    ft    ft 

7    8    9 

7     8    9 
7    910 

*7 

*6 

4677 
4786 
4888 

4688 

4797 
4009 

4600 
4808 

4020 

4710 
4819 
4932 

4721 
4831 

49a 

4788 
4848 
4966 

4742 
4863 

4966 

4763 
4S64 

4977 

4764 
4676 
4989 

4776 
4887 
5000 

its 
its 

its. 

4    ft    7 
4    ft    7 
6    6    7 

6    9  10 
6    9  10 

6    9lO 

■w 

6018 

6088 

6066 

6047 

6068 

6070 

6082 

6098 

5105 

6117 

1    t    4 

6    6    7 

8    9  11 

■71 
■72 

6189 
6248 
6370 

6140 
6260 
6383 

6162 
6272 
6396 

6164 
6284 
6408 

6176 
6297 
6420 

6188 
6309 
6438 

6800 
6881 
6446 

6218 
6838 
6468 

6224 
6346 

6470 

6888 
6368 
6483 

1    t    4 
1    t    4 

V    S    4 

6    ft   7 
6    6    7 
6    ft   8 

6  10  11 
91011 
9  SOU 

*7« 
"75 
71 

6406 
6623 
6764 

6608 

6636 
6768 

6621 
6640 
6781 

6634 

6662 
6794 

6646 

6676 
6808 

6660 
6680 

6821 

6578 
6702 
6884 

6585 

6716 
6848 

6598 
6726 
6861 

6610 
6741 
6876 

18    4 
1    8    4 

18    4 

6    6    8 
ft   7    8 

8   7   8 

9  10  IX 
9  10  IS 
9  11  12 

■77 
•78 
■78 

6888 

6026 
6168 

.6908 
6068 
6180 

6916 
6063 

6194 

6929 

6067 
6209 

6043 
6081 

6223 

6967 
6096 

6287 

6970 
6109 
6262 

6934 
6124 
6266 

6008 
6188 
6281 

6018 
6168 
6896 

18    4 
1    8    4 
1    8    4 

6    7    8 

6    7    8 

6    7    9 

10  11  It 
10  11  13 
10U  IS 

-80 

6310 

6884 

8889 

8868 

6868 

8888 

6897 

6412 

6427 

6442 

1    8    4 

6    7    9 

10  12  13 

-81 
« 
-83 

6607 
6781 

6471. 
6828 
•8776 

6486 
6637 
6792 

6601 
6668 
6808 

6616 
6668 
6828 

6631 
6683 

6889 

6646 
6699 
6866 

6661 
6714 
6871 

6577 
6730 
0887 

6592 
6745 
6908 

2    8    6 

2    8    6 
8    8    6 

6    8   9 
6    8    9 
6    8    9 

11  12  14 
11  It  14 
11  13  14 

"84 
-85 

6918 
7079 
7244 

6934 
7096 
7981 

6960 
7112 
7278 

0986 
7129 
7296 

6982 
7146 
7311 

6998 
7161 
7328 

7016 
7178 
7846 

7031 
7194 
7382 

7047 
72U 
7379 

7003 
7228 
7396 

2    8    6 

2    8    6 
8    8    6 

6  8  10 

7  6  10 
7    8  10 

11  13  15 

12  13  16 
12  IS  1ft 

■87 
•88 

•88 

7418 
7686 
7762 

7480 
7608 
7780 

7447 
7681 
7798 

7464 
7688 
7816 

7488 
7668 
7884 

7469 
7674 
7862 

7616 
7691 
7870 

7534 
7709 
7889 

7551 
7727 
7907 

7668 
7745 
7926 

2    8    6 
8    4    6 
2    4    6 

7    9  10 
7    9  11 
7    9  11 

12  14  1ft 
12  14  1ft 
IS  14  1ft 

•80 

7948 

7988 

7980 

7998 

8017 

8036 

8064 

8072 

8091 

8110 

2    4    8 

7    Oil 

IS  16  17 

■81 
■88 
■88 

8188 
8818 
8611 

8147 
8887 
8681 

8168 
8866 

8661 

8186 
8376 
8670 

8204 
8396 
8690 

8222 
8414 
8610 

8841 
8433 
8630 

8260 
8453 
8650 

8279 
8472 
8670 

8299 
8492 
8690 

2    4    6 
8    4    6 
2    4    6 

8    9  11 
8  10  12 
8  10  12 

IS  16  17 
14  16  17 
14  16  18 

■H 

■88 
«86 

8710 
8918 
9120 

8780 
8988 

9141 

8760 
8964 

9168 

8770 
8974 
9183 

8790 
8996 
9204 

8810 
9016 
9288 

8831 
9086 
9247 

8861 
8067 
9268 

8872 
9078 
9*90 

8892 
9099 

9311 

2    4    6 
2    4    6 
8    4    6 

8  10  12 
810  18 
8  U1S 

14  16  18 

15  17  19 
15  17  19 

■87 
■88 
■89 

9883 

9660 
9*72 

9964 
9672 
9796 

9878 
9694 
9817 

9897 

9616 
9840 

9419 
9688 
9868 

9441 
9861 
9886 

9468 
9683 
9908 

9484 
9706 

1 

9506 
9727 

9628 
9760 
8977 

2    4    7 
2    4    7 
2   6    9 

9  11  IS 
9  11  18 
911  14 

15  17  20 

16  18  90 

569 


Angle.  Fa 

idiant. 

... 

Tangent. 

Co-tangent. 

OoeiM 

0" 

0 

0 

0 

00 

1 

1-5708 

90* 

l 

017S 

•0176 

•Q175 

57*2900 

•9998 

1*6533 

89 

2 

0349 

•0349 

•0349 

28  6363 

9994 

1-5359 

88 

3 

0524 

•0623 

0524 

10-0811 

•9986 

1-5*84 

87 

4 

0698 

•0698 

■0609 

143006 

•9976 

1-6010 

86 

5 

0873 

0672 

■0875 

11-4301 

-9962 

1-4G35 

85 

6 

1047 

'1045 

1051 

95144 

-9946 

14661 

84 

7 

1222 

'1219 

'1228 

81443 

-9925 

1*4486 

83 

8 

1396 

•1392 

•1405 

71154 

•9903 

1-4312 

82 

9 

1571 

1564 

1584 

6-3138 

•9877 

1*4137 

81 

to 

1746 

1736 

•1768 

5-6713 

•9848 

1-3063 

80 

11 

1929 

'1908 

1944 

51446 

•9616 

1-3788 

79 

12 

-2094 

•2079 

•2126 

47046 

•9781 

13614 

78 

13 

•2269 

-2250 

•2309 

43316 

•9744 

1-8439 

77 

14 

•2443 

•2419 

•2493 

4DK08 

•9703 

1-3266 

76 

IS 

■2618 

•2588 

-2679 

3-7321 

9659 

1-3090 

76 

16 

-2798 

•2756 

■2867 

34874 

•9613 

1*2916 

74 

17 

■2067 

2924 

•3057 

3-2709 

•9668 

1-2741 

78 

18 

•3142 

•3090 

•3249 

3-0777 

•9611 

1-2566 

72 

19 

3316 

•3256 

•3443 

2-9042 

•9466 

1*2392 

71 

to 

3191 

•3420 

-3G40 

2-7475 

•9397 

1-2217 

70 

21 

3666 

-3584 

'3389 

2-0051 

•0336 

1-2043 

69 

22 

-3840 

-3746 

-4040 

24751 

•9272 

1-1868 

68 

23 

4014 

3907 

•4245 

2-3559 

•9205 

1-1694 

67 

24     ' 

4189 

•4067 

•4452 

2-2460 

•9136 

11519 

66 

25 

-4368 

'4226 

•4663 

21445 

•9988 

11345 

65 

26 

4538 

•4384 

4877 

20508 

•8988 

11170 

64 

27 

4712 

•4540 

•5095 

1-9626 

•8910 

1-0996 

63 

28 

4887 

'4695 

•5317 

2*8307 

•8830 

1-0821 

62 

29 

6061 

•4848 

•5543. 

18049 

•8746 

1*0647 

61 

30 

6236 

•5000 

•6774 

17321 

•8600 

1*0472 

60 

31 

6411 

5150 

•0009 

16643 

•8572 

1-0297 

69 

32 

5585 

•5209 

•6249 

10003 

•8480 

1-0128 

68 

33 

6760 

•5446 

•6494 

1*5399 

•8387 

•9948 

67 

34 

6934 

•5502 

•9746 

14826 

'8290 

•9774 

66 

35 

6109 

-6736 

•7009 

1-4261 

'8192 

•9699 

65 

36 

6283 

•5373 

•7265 

1*3764 

•9090 

•9425 

64 

37 

6458 

•6018 

'7636 

1*3270 

•7990 

•9260 

63 

38 

«C32 

•6157 

•7813 

1*2799 

•7880 

•9076 

62 

39 

6S07 

•6293 

•8098 

1-2349 

•7771 

-8901 

61 

40 

6981 

■6428 

8391 

1.1918 

•7660 

•S727 

60 

41 

7156 

•6561 

-8693 

1-1506 

•7647 

•8552 

49 

42 

7330 

•6691 

•9004 

11108 

•7U1 

•8378 

48 

43 

7506 

•6820 

•9325 

1-0724 

•7814 

-8203 

47 

44         " 

r679 

•6947 

■9657 

1-035S 

•7198 

«029 

46 

45 

7854 

•7071 

1-0000 

1*0009 

•7071 

•7854 

45 

Coetoe 

Co-tangent 

Tangent 

Mm 

fff^hni 

Angle 

670 

APPENDIX    B. 


1903  MAY  EXAMINATION  ON  SUBJECT  VIlA. 
APPLIED  MECHANICS. 

BY  TUB  BOARD  OF  EDUCATION  SECONDARY  BRANCH, 
SOUTH  KENSINGTON,  LONDON. 


GENERAL  INSTRUCTIONS. 
If  the  rules  are  not  attended  to,  yoar  paper  will  be  cancelled- 

Immediately  Itefore  the  Examination  commences,  the  following 

REGULATIONS  are  TO  BE  READ  TO  THE 

CANDIDATES. 

Before  commencing  your  work,  you  are  required  to  fill  up  the  numbered 
Blip  which  is  attached  to  the  blank  examination  paper. 

You  may  not  have  with  you  any  books,  notes,  or  scribbling  paper. 

You  are  not  allowed  to  write  or  make  any  marks  upon  your  paper  of 
questions,  or  to  take  it  away  before  the  close  of  the  examination. 

You  must  not,  under  any  circumstances  whatever,  speak  to  or  communi- 
cate with  one  another,  and  no  explanation  of  the  subject  of  examination 
may  be  asked  or  given. 

You  must  remain  seated  until  your  papers  have  been  collected,  and  then 
quietly  leave  the  examination  room.  None  of  you  will  be  permitted  to 
leave  before  the  expiration  of  one  hour  from  the  commencement  of  the 
examination,  and  no  one  can  be  re-admitted  after  having  once  left  the  room. 

Your  papers,  unless  previously  given  up,  will  all  be  collected  at  10 
o'clock. 

If  any  of  you  break  any  of  these  rules,  or  use  any  unfair  means,  you  will 
be  expelled,  and  your  paper  cancelled 


Before  commencing  your  work,  you  must  carefully 
read  the  following  instructions  :— 

Candidates  tcho  have  applied  for  examination  in  the  Elementary  Stage 
must  confine  the?nstlves  to  that  stage.  Candidates  who  haw  not  applied  to 
take  the  Elementary  Stage  may  take  the  Advanced  Stage,  or  Honours  (Part 
/•)i  or,  if  eligible,  Honours  (Part  //.),  but  thug  must  confine  themselves  to 
one  of  them. 

Put  the  number  of  the  question  before  your  answer. 

You  are  to  confine  your  answers  strictly  to  the  questions  proposed. 

Such  details  of  your  calculations  should  be  given  as  will  show  the 
methods  employed  in  obtaining  arithmetical  results. 

A  table  of  logarithms  and  functions  of  angles  and  useful  constants  and 
formulae  is  supplied  to  each  candidate.    (See  end  of  Appendix  to  this  Book.) 

The  examination  in  this  subject  lasts  for  three  hours. 


ADVANCED  STAGE.* 

Instructions. 

Read  the  General  Instructions. 

You  may  only  answer  eight  questions,  two  of  which  must  be  Nos.  21 
and  22. 


21.  Describe,  with  sketches,  only  one  of  the  following: — (a)  The  mechan- 
ism of  a  Radial  Drilling  Machine,  how  the  power  is  transmitted  to  the 
drill,  and  how  an  automatic  feed  is  given  to  it.  (6)  The  mechanism  of  a 
machine  for  grinding  cylindrical  surfaces  to  a  truly  circular  form,  (c)  Any 
pneumatic  hand  tool.     (B.  of  E.  Adv.,  1903.) 

22.  Answer  only  one  of  the  following: —  (a)  Describe  an  experiment  by 
which  you  could  determine  E,  Young's  Modulus  of  Elasticity,  by  stretching 
a  steel  wire,  (b)  Describe  an  experiment  to  measure  how  the  kinetic 
energy  of  a  flywheel  depends  upon  its  speed.     (13.  of  E.  Adv.,  1903.) 

23.  In  a  crane  an  effort  of  122  lbs.  just  raises  a  load  of  3,265  lbs.  What 
is  the  mechanical  advantage  ?  If  the  efficiency  be  60  per  cent,  what  is  the 
velocity  ratio?     Would  this  crane  overhaul?     (B.  of  E.  Adv.,  1903.) 

24.  A  tramcar,  weighing  15  tons,  suddenly  had  the  electric  current  cut 
off.  At  that  instant  its  velocity  was  16  miles  per  hour.  Reckoning  time 
from  that  instant,  the  following  velocities,  V,  and  times,  tt  were  noted  : — 

V— Miles  per  hour        16  14  12  10 

t— Seconds  0  9  3  21  35 

Calculate  the  average  valuo  of  the  retarding  force,  and  find  the  average 
value  of  the  velocity  from  t  =  0  to  t  =  35.  Also  find  the  distance  travelled 
between  these  times.     (B.  of  E.  Adv.,  1903.) 

25.  A  projectile  has  Kinetic  Energy  =  1,670,000  foot-pounds  at  a 
velocity  of  3,000  feet  per  second.  Later  on  its  velocity  is  only  2,000  feet 
per  second  ;  how  much  Kinetic  Energy  has  it  lost  ?  What  is  the  cause  of 
this  loss  of  energy?  Calculate  the  kinetic  energy  of  rotation  of  the  pro- 
jectile if  its  weight  is  12  lbs.,  and  its  radius  of  gyration  is  0'75  inch,  and 
its  speed  of  rotation  is  500  revolutions  per  second.     (B.  of  E.  Adv.,  1903.) 

26.  If  a  shaft  4  inches  in  diameter  will  safely  withstand  a  torque  of 
120,000  pound-inches,  what  torque  would  a  9-inch  shaft  take?  What  H.P. 
would  the  former  shaft  transmit  at  200  revolutions  per  minute,  and  what 
would  the  latter  transmit  at  50  revolutions  per  minute?  What  do  you 
mean  by  shear  stress  in  a  shaft?     (B.  of  E.  Adv.,  1903.) 

27.  Water  at  a  pressure  of  700  lbs.  per  square  inch  is  supplied  to  a 
hydraulic  crane,  and  11  cubic  feet  are  used  in  lifting  15  tons  through  a 
height  of  18  feet.  How  much  energy  has  been  given  to  the  crane?  How 
much  energy  has  been  wasted?     (B.  of  E.  Adv.,  1903.) 

28.  The  rim  of  an  inward  flow  turbine  moves  at  a  speed  of  30  feot  per 
second,  and  the  vanes  are  there  at  right  angles  to  the  rim.  Water  enters 
the  rim  with  a  radial  velocity  of  5  feet  per  second.  If  the  water  is  to 
enter  wi:hout  shock,  what  must  be  the  angle  between  the  rim  and  the 

*  Students  should  refer  to  my  Elementary  Manual,  as  well  as  the  other 
Volume  of  this  Text-Book  on  Applied  Mechanics,  before  answering  some  of 
these  questions. 
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guide  blade*?   Find  the  weight  of  water  entering  per  second  if  the  circum- 
ferential area  of  all  the  openings  of  the  rim  is  2*4  square  feet. 

(B.  of  E.  Adv.,  190&.) 

29.  What  are  the  functions  of  the  top  and  bottom  booms,  and  of  the 
diagonal  pieces  of  a  railway  girder?  Why  are  the  booms  usually  larger  in 
section  towards  the  middle  of  the  girder,  and  the  diagonal  pieces  larger 
towards  the  ends  of  the  girder?    (B.  of  E.  Adv.,  1903.) 

30.  A  weight  of  10  lbs.  is  hung  from  a  spring,  and  thereby  causes  the 
spring  to  elongate  to  the  extent  of  0*42  feet.  If  the  weight  is  made  to 
oscillate  vertically,  find  the  time  of  a  complete  vibration.  (Neglect  the 
mass  of  the  spring  itself.)    (B.  of  K.  Adv.,  1903.) 

31.  A  heavy  chain  is  supported  by  its  ends,  A  and  B,  which  are  12  feet 
above  the  lowest  part  of  the  chain.  The  horizontal  distance  l>etween  A 
and  B  is  66  feet,  and  the  weight  of  the  chain  is  20  lbs.  per  foot  of  its 
horizontal  projection.  Draw  out  to  scale  (10  feet  to  the  inch)  the  shape  of 
the  chain,  and  find  the  force  in  the  chain  at  the  lowest  point.  What  is 
the  maximum  force  in  the  chain?    (B.  of  E.  Adv.,  1903.) 

32.  Electric  current  is  supplied  to  a  certain  motor  plant  at  220  volts, 
and  150  amperes  are  taken.  What  H.P.  does  this  represent?  How  much 
would  it  cost  if  used  for  an  average  of  6 '5  hours  per  day  for  a  whole  year 
of  313  days?  The  power  is  supplied  at  2*24d.  per  H. P. -hour  (i.e.,  3d." per 
B.T.U.).    (B.  of  E.  Adv.,  1903.) 


HONOURS— Part  L* 

Instructions. 

Read  the  General  Instructions. 

You  may  only  answer  eight  questions,  two  of  which  must  be  Nos.  41 
and  42. 


41.  Describe,  with  sketches,  only  one  of  the  following:  — (a)  The  mechan- 
ism of  a  radial  drilling  machine,  how  the  power  is  transmitted  to  the  drill, 
and  how  an  automatic  feed  is  given  to  it.  {b)  The  mechanism  of  a 
machine  for  grinding  cylindrical  surfaces  to  a  truly  circular  form.  De- 
scribe how  Buch  a  machine  is  used  to  grind  up  the  commutator  of  a  direct 
current  generator,     (c)  Any  pneumatic  hand  tool. 

(B.  of  E.  H.,  Part  I.,  1903.)    (See  Index,  Vol.  II.) 

42.  Answer  only  one  of  the  following  : — (a)  Describe  an  experiment  by 
which  you  could  determine  E,  Young's  modulus  of  elasticity,  by  bending 
an  iron  bar.  What  shape  of  bar  would  you  use,  and  why  ?  rfow  would 
you  attach  the  load,  and  how  support  the  beam  ?  How  would  you  ascer- 
tain the  deflection  of  the  beam  ?  (b)  Describe  an  experiment  to  measure 
how  the  kinetic  energy  of  a  flywheel  depends  upon  its  speed.  If  the  time 
the  flywheel  took  to  come  to  rest  were  measured,  how  could  you  calculate 
the  average  H.P.  lost  in  friction?    (B.  of  E.  H.,  Part  I.,  1903.) 

*  Students  should  refer  to  my  Elementary  Manual,  as  well  as  the  other 
volume  of  this  Text-Book  on  Applied  Mechanics,  b  fore  answering  some  of 
these  questions 
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is  the  mechanical  advantage  ?  If  the  efficiency  be  60  per  cent,  what  is  the 
velocity  ratio  ?  Would  this  crane  overhaul  ?  If  the  efficiency  had  been  40 
per  cent,  would  the  crane  overhaul  ?    Give  clear  reasons  for  your  answer. 

(B.  of  E.  H.,  Parti.,  1903.) 

44.  A  tramcar,  weighing  15  tons,  suddenly  has  the  electric  current  cut 
off.  At  that  instant  the  speed  of  the  car  was  16  miles  per  hour.  Reckon- 
ing time  from  that  instant,  the  following  velocities,  V,  and  times,  t,  were 
noted: — 

V— Miles  per  hour        16  14  12  10 

<—  Seconds  -  0  9*3  21  35 

Calculate  the  average  value  of  the  retarding  force,  and  find  the  average 
velocity  from  t  =  0  to  t  =  35.  Also  find  the  distance  travelled  between 
these  times.     If  the  law  of  resistance  be  : — 

F  (lb.)  =  a  +  bV  +  cV2, 

where  V  is  in  miles  per  hour  as  before,  indicate  the  method  by  which 
values  of  a,  b,  and  c  could  be  found  from  the  above  observations. 

(B.  of  E.  H.,  Part  L,  1903.) 

45.  A  flywheel  weighs  5  tons  and  has  a  radius  of  gyration  of  6  feet. 
What  is  its  moment  of  inertia?  It  is  at  the  end  of  a  shaft  10 feet  long,  the 
other  end  of  which  is  fixed.  It  is  found  that  a  torque  of  200,000  lb.  -feet 
is  sufficient  to  turn  the  wheel  1°.  The  wheel  is  twisted  slightly  and  then 
released ;  find  the  time  of  a  complete  vibration.  How  many  vibrations 
per  minute  would  it  make  ?    (B.  of  E.  H.,  Part  I.,  1903.) 

46.  Describe  a  Naval  mounting  for  a  heavy  gun.  How  is  the  recoil  of 
the  gun  taken  up  after  firing,  and  how  is  it*  brought  back  to  the  firing 
position  ?    What  is  parabolic  rifling,  and  what  are  its  disadvantages? 

(B.  of  E.  H„  Part  1,  1903.) 

47.  Power  is  transmitted  from  one  shaft  to  another  by  means  of  belting. 
How  is  the  amount  of  power  capable  of  being  transmitted  affected  by,  (1) 
the  angle  of  lapping,  (2)  the  weight  of  the  belting,  (3)  journal  friction,  (4) 
the  stiffness  of  the  belt,  (5)  elastic  slip,  (6)  centrifugal  tension  in  the  belt  ? 

(B.  of  E.  H.,  Parti.,  1903.) 

48.  Give  the  theory  of  the  laterally  loaded  strut.  What  is  the  effect  of 
eccentric  loading,  and  what  is  the  effect  of  non-uniformity  of  material? 
When  is  this  theory  useful  ?    (B.  of  E.  H.,  Part  I.,  1903.) 

49.  State  the  principles  employed  in  balancing  the  moving  parts  of 
vertical  steam  engines  with  one,  two,  or  three  cranks.  What  is  the 
Yarrow-Schlick-Tweedy  method  ?  (B.  of  E.  H.,  Part  I.,  1983.)  {See  Uth 
Edition  ofmy"  Textbook  on  Steam  and  Steam  Engines") 

50.  Describe  the  method  of  manufacture  of  Portland  cement.  How  is 
the  finished  material  tested  ?  (B.  of  E.  H. ,  Part  I. ,  1603.)  {See  Rankings 
"  Civil  Engineering") 

51.  What  is  the  meaning  of  the  term  "  gyrostatic  action"?  How  do 
you  explain  its  effects  ?    (B.  of  E.  H.,  Part  I.,  1903.)    {See  Index,  Vol.  II.) 

52.  Prove  the  formula  you  use  for  calculating  the  deflection  of  a  beam  of 
rectangular  cross-section.  A  beam  1  inch  wide  and  1  '5  inch  deep,  is  placed 
upon  knife  edges  4  feet  apart,  and  the  overhanging  ends  are  loaded  with 
weights  of  100  lbs.  each  placed  18  inches  beyond  tne  points  of  support  {i.e., 
the  loads  themselves  are  7  feet  apart),  what  is  the  upward  deflection  of  the 
middle  point  of  the  beam  (E  =  30,000,000)  ?  What  is  the  shearing  force 
between  the  knife  edges  ?    (B.  of  E.  H.,  Part  I.,  1903.) 
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1.  In  *  vernier  calliper,  the  bar  of  the  instrument  is  divided  into  inches, 
and  esch  inch  is  sub-divided  into  40  equal  divisions.  On  the  sliding  jaw  of 
tlie  instrument  is  carried  a  vernier  whose  length  is  equal  to  24  of  the 
small  divisions  on  the  bar  of  the  calliper  (the  vernier  therefore  measures 
|J  inch  in  length),  and  the  vernier  scale  is  divided  into  25  equal  divisions. 
When  the  sliding  jaw  is  brought  into  close  contact  with  the  fixed  limb  of 
the  calliper,  the  z  to  line  on  the  vernier  then  coincides  with  the  zero  line 
on  the  bar ;  what  would  then  be  the  distance  between  the  first  line  from 
zero  on  the  vernier  and  the  first  line  of  the  scale  on  the  bar  of  the  calliper  ? 
Sketch  and  describe  tho  construction  of  the  instrument  and  the  method 
of  taking  outside  measurements  with  it.  What  would  be  the  exact  posi- 
tion of  the  vernier  on  the  bar  of  the  instrument  when  the  two  jaws  of  the 
callipers  are  separated  by  a  distance  of  0*782  inch  ?  (S.  &  A.  Adv.  Exam., 
1896.) 

2.  What  are  the  differences  in  the  methods  of  working  of  a  milling 
machine  and  of  a  planing  machine,  as  arranged  for  tooling  flat  surfaces? 
What  are  the  advantages  of  milling  over  planing?  Sketch  in  front  and 
end  elevation  the  cutter  or  mill  for  tooling  a  flat  surface,  and  give  any 
details  you  can  as  to  the  best  form  for  the  teeth,  and  say  why  for  cutting 
metals  the  cutting  speeds  of  milling  tools  can  be  made  greater  than  those 
of  ordinary  planiog  tools.     (S.  &  A.  Adv.  Exam.,  1896.) 

3.  Compare  the  physical  qualities  of  cast  iron  and  wrought  iron,  and 
of  these  with  mild  steel  such  as  is  used  for  boiler  construction;  also 
compare  them  with  the  steel  used  for  turning  tools.  Give  a  numerical 
statement  of  the  relative  powers  of  these  four  varieties  of  iron  to  resist 
tensile,  compressive,  and  torsional  stresses  respectively.  What  are  tho 
fundamental  differences  in  chemical  composition  between  cast  iron, 
wrought  iron,  and  mild  steel?    (S.  &  A.  Uons.  Exam.,  1896.) 

4.  Show  clearly  why,  under  ordinary  conditions,  a  worm  wheel  should 
not  be  employed  to  drive  a  worm,  and  state  also  under  what  conditions 
such  a  method  of  driving  becomes  possible.  In  latge  horizontal  boring 
machines,  the  boring  bar  that  carries  the  boring  head  is  slowly  revolved 
by  a  large  worm  wheel,  which  is  itself  driven  by  a  worm  rotated  either  by 
suitable  pulleys  and  belting  from  the  main  driving  shaft  of  the  shop,  or  by 
a  small  engine  coupled  direct  on  to  the  worm  shaft.  Sketch  the  boring 
bar,  with  the  boring  head,  as  also  the  driving  gear,  and  show  how  the 
boring  head  is  traversed  along  the  bar.  Why  is  worm  gearing  used  for 
driving  these  heavy  machines?    (S.  k  A.  Hons.  Exam.,  1896.) 

5.  Describe  and  show,  with  the  necessary  sketches,  the  driving  arrange- 
ment of  the  Whitworth  double-geared  slotting  machine.  Show  and  describe 
clearly  how  the  upward  or  return  stroke  of  the  tool  is  made  more  quickly 
than  the  downward  or  cutting  stroke.  Show  also  how  the  length  of  the 
stroke  is  varied ;  how  the  height  to  which  the  ram  can  he  lifted  is  adjusted 
to  suit  the  varying  depths  of  work  on  the  table ;  and,  lastly,  indicate  how 
the  back  gear  is  thrown  in  and  out  of  gear.     (S.  &  A.  Hons.  Exam.,  1896.) 


know  most.  Give  your  own  notion  of  what  probably  occurs  in  the  material, 
and  your  reasons,  although  there  is  no  satisfactory  explanation.  (S.  &  A. 
Adv.  Exam.,  1897.) 

7.  A  steam  piston  of  a  bull  engine  30  ins.  diameter,  the  pressure  under- 
neath exceeds  the  pressure  above  by  the  amount  p  lb.  per  square  inch. 
p  is  given  in  the  following  numbers  for  every  6  inches  of  stroke  (but  the 
piston  may  not  go  so  far  as  stated),  beginning  with  the  bottom  position, 
100,  98,  97,  96,  95,  79,  67,  57,  49,  43,  39,  35,  31,  28,  25,  23,  21.  The  total 
weight  lifted  is  15  tons,  find  the  velocity  at  various  points  of  the  stroke 
and  the  length  of  the  stroke.*    (S.  &  A.  Hons.  Exam.,  1897.) 

8.  A  bicycle  rider  weighing  127  lbs.,  his  bicycle  being  33  lbs.,  finds  that 
on  a  descent  of  1  in  80  with  feet  off  pedals  he  is  just  able  to  get  on  very 
slowly  but  steadily;  call  his  speed  0.  On  a  long  slope  of  I  in  40  his  steady 
speed  is  10  miles  per  hour ;  on  a  long  slope  of  1  in  20  his  steady  speed  is 
20  miles  per  hour.  In  all  three  cases  his  feet  are  off  the  pedals.  Find 
the  resistance  to  motion  on  the  same  kind  of  level  road  at  each  of  these 
speeds.  Neglect  the  extra  resistance  due  to  pedalling,  and  find  a,  6,  and  c  in 
F  =  W  (a  +  ov  +  cr8),  the  law  of  resistance  on  a  level  road  at  the  speed 
v  if  W  is  the  total  weight.  At  12  miles  per  hour  going  up  and  going  down 
an  incline  of  1  in  60,  what  are  the  horse-powers  exerted  by  a  rider  of 
150  lbs.  on  the  same  bicycle  oo  the  same  kind  of  road?*  (S.  &  A.  lions. 
Exam.,  1897.) 

9.  A  link  has  motion  parallel  to  a  plane.  Qiven  the  velocities  and 
accelerations  of  two  pin*,  how  do  we  draw  the  velocity  and  acceleration 
diagrams  which  give  at  once  the  velocity  and  acceleration  of  any  point  in 
the  link  T  Prove  your  two  constructions  to  be  correct,  t  (8.  &  A.  Hons. 
Exam.,  1897.) 

10.  Answer  only  one  of  the  following  a,  b,  c,  or  d :— a.  How  is  cement 
made  ?  What  is  your  notion  of  what  occurs  when  it  sets  and  gradually 
hardens?  What  is  the  effect  of  the  addition  of  sand?  6.  Choose  some 
cast-iron  object  and  explain  why,  and  whore,  it  may  have  initial  strains 
and  weakness,  c.  Describe  very  briefly  the  differences  in  composition, 
properties,  and  nses  of  cast  iron,  wrought  iron,  mild  steel,  tool  steel,  and 
any  three  other  metals  or  alloys  used  in  mechanical  construction,  d.  What 
is  a  chilled  casting  ?  a  malleable  casting  ?  how  is  each  produced  ?  Describe 
how  wrought  iron  is  case-hardened.     (S.  &  A.  Adv.  Exam.,  1898.) 

*  See  Prof.  Perry's  Applied  Mechanic*.  Chapter  xl 
t  See  Kennedy's  Mechanic*  of  Machinery, 
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TECHNOLOGICAL    EXAMINATIONS, 
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46.— MECHANICAL   ENGINEERING* 

Honours  Grade  (Written  Examination).* 

Wednesday,  April  29th,  7  to  10. 

Instructions. 

The  Candidate  for  Honours  must  have  previously  passed  in  the  Ordinary 
Grade,  and  is  required  to  pass  a  Written  and  Practical  Examination.  He 
is  requested  to  state,  on  the  Yellow  Form,  whether  he  has  elected  to  be 
examined  in  A,  Machine  Designing,  or  in  B,  Workshop  Practice  (a)  Fitting, 
(6)  Turning,  (c)  Pattern-making.  Candidates  in  Machine  Designing  must 
forward  their  work  to  London  not  later  than  May  6th,  and  in  Workshop 
Practice  not  later  than  May  13th. 

The  number  of  the  question  must  be  placed  before  the  answer  in  the 
worked  paper. 

The  Candidate  is  at  liberty  to  ubo  divided  scales,  compasses,  set  squares, 
calculators,  slide  rules,  and  mathematical  tables. 

Five  marks  extra  will  be  awarded  for  every  answer  worked  out  with  the 
elide  rule,  provided  the  method  of  working  is  explained. 

The  maximum  number  of  marks  obtainable  is  affixed  to  each  question. 

Three  hours  allowed  for  this  paper. 

The  Candidate  is  not  expected  to  answer  more  than  eight  of  the  following 
questions,  which  must  be  selected  from  two  sections  only. 

*  The  questions  in  Sections  A  and  C  may  be  answered  from  Vols.  I.  and 
II.  of  my  Text-Book  on  Applied  Mechanics.  Section  B  is  printed  in  the 
fourteenth  edition  of  my  Text-Book  on  Steam  and  Steam  Engines,  and 
students  may  also  refer  to  that  book  for  help  with  question  2  of  Section  A. 
The  1903  Questions  for  the  Ordinary  Grade  are  printed  at  the  end  of  the 
fifth  edition,  1903  issue,  of  my  Elementary  Manual  on  Applied  Mechanics, 


Section  A. 

1.  The  legs  of  a  tripod  are  15,  16*5,  and  18  feet  long  respectively,  and 
the  lengths  of  the  lines  joining  the  feet  of  the  legs  are  each  20  feet.  Find 
the  force  along  each  leg  when  a  weight  of  10  tons  is  suspended  from  the 
apex.     Graphical  constructions  may  be  used.     (35  marks.) 

2.  The  crank-shaft  of  a  single  cylinder  engine  is  as  shown  in  the  figure. 
The  work  is  absorbed  at  one  end  and  the  bearings  may  be  assumed  to 
exercise  no  constraint  on  the  shaft.  When  the  connecting-rod  is  perpen- 
dicular to  the  crank-arm,  the  effeotive  force  in  the  rod  is  30  tons.  Fincf  the 
magnitudes  of  the  twisting  and  maximum  bending  moments  on  the  crank- 
pin.  If  three-quarters  of  the  work  is  absorbed  aft  and  one-quarter 
forward,  find  the  same  things.     (35,) 


3.  State  precisely  how  you  would  make  a  tensile  test  of  a  ductile 
material,  such  as  wrought  iron  or  mild  steel,  stating  what  measurements 
you  would  make  and  how  you  would  reduce  the  observed  results.  What 
are  the  most  important  items  to  obtain  from  a  commercial  point  of  view, 
and  what  results  would  you  expect  in  a  specimen  of  good  mild  steel?    (30.) 

4.  A  plate  web  girder,  of  80  feet  clear  span,  is  6  feet  deep  and  has  booms 
which  are  3  feet  wide.  If  the  total  uniformly  distributed  load  which  the 
girder  carries  is  120  tons,  obtain  a  suitable  section  for  the  booms  at  the 
middle  of  the  span.  Design  also  a  suitable  cover  plate  for  one  of  the  boom 
plates.  The  safe  stress  in  tension,  compression,  and  shear  may  be  taken 
as  5  tons  per  square  inch.    (45. ) 

5.  A  cast-iron  oolumn,  5  inches  internal  and  7  inches  external  diameter, 
has  a  bracket  attached  to  it,  and  a  weight  of  20  tons  is  carried  by  the 
bracket  at  a  distance  of  12  inches  from  the  axis  of  the  column.  Estimate 
the  maximum  and  minimum  stresses  induced  in  the  column,  and  show,  by 
means  of  a  sketch,  how  the  stress  varies  across  the  section.     (35. ) 

6.  Steel  wire,  &-inch  diameter,  is  supplied  in  coils,  3  feet  diameter.  Find 
the  bending  moment  and  the  stress  induced  by  coiling  the  wire  on  a  man- 
dril 2  feet  in  diameter,  keeping  the  direction  of  curvature  unaltered.  You 
may  assume  that  Young's  modulus  is  13,000  tons  per  square  inch.     (35.) 

7.  A  spiral  spring  is  2*9  inches  diameter,  centre  to  centre  of  the  coils, 
and  has  36  coils.  The  diameter  of  the  wire  is  ^  inch,  and  the  modulus  of 
rigidity  of  the  material  of  which  it  is  composed  is  5,200  tons  per  square 
inch.  Neglecting  the  inclination  of  the  coils,  find  the  stress  inauced  and 
the  elongation  under  the  axial  pull  of  &  lb.  How  would  the  problem  be 
modified  if  the  inclination  of  the  coils  could  not  be  neglected  ?    (So. ) 

8.  Design  a  hollow  steel  tunnel  shaft  and  coupling  to  transmit  10,000 
horse-power  at  120  revolutions  per  minute.     There  are  eight  bolts,  and  the 
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inside  diameter  of  the  shaft  ha*  to  be  "6  times  the  outside  diameter. 
Choose  your  own  working  stresses,  Ac.  The  shaft  may  be  assumed  sub- 
jected to  pure  twisting,  and  the  ratio  of  the  maximum  to  the  mean  twisting 
moment  to  be  1  '2.     {46. ) 

Section  C. 

1.  Sketch  any  form  of  water  accumulator  with  which  you  are  acquainted, 
and  explain  the  advantages  it  possesses  over  the  arrangement  in  which  the 
pumps  pump  water  directly  into  the  mains.  In  an  accumulator  the  total 
force  in  Hw. ,  due  to  cup  leather  friction,  may  be  taken  equal  to  -047  p  d, 
where  p  is  the  pressure  in  lbs.  per  square  inch  and  d  is  the  diameter  of  the 
rain  in  inches.  The  ascending  pressure  is  1,260  lbs.  per  square  inch,  and 
the  diameter  of  the  ram  is  6  inches.  Calculate  the  descending  pressure, 
and  deduce  the  efficiency  of  the  accumulator  as  a  storer  of  energy.     {So. ) 

2.  Define  what  is  meant  by  the  terms  coefficient  of  velocity,  contraction 
and  discharge,  in  connection  with  the  flow  through  orifices.  A  vessel 
containing  water  and  having  a  circular  orifice,  1  inch  in  diameter,  in  one  of 
its  sides  is  supported  in  such  a  way  that  when  a  jet  of  water  issues  from 
the  orifice  the  displacing  force  can  be  very  accurately  measured.  With  & 
constant  head  of  2}  feet  of  water  above  the  orifice,  the  displacing  force  (at 
the  centre  of  the  orifice)  was  found  to  be  °9  lb.  and  the  discharge  15$ 
gallons  per  minute.     Determine  the  three  coefficients.     (35. ) 

3.  Experiments  made  by  Froude  to  determine  the  skin  resistance  of 
planks  in  water  give  the  following  results : — 


Speed  in  feet  per  minute  =  V,     . 

200 

400 

600 

800 

Total  resistance  per  100  sq.  feet  in  lbs.  =  R, 

3-28 

11-7 

24-6 

41-7 

Test  whether  the  relation  between  R  and  V  can  be  expressed  by  a  law  of 
the  type  R  varies  as  V",  and,  if  so,  find  the  values  of  /  and  n  in  the 
formula  R  =/S  V",  in  which  S  =  wetted  surface  in  square  feet.     {SO.) 

4.  A  fire  engine  supplies  water  at  a  pressure  of  40  lbs.  per  square  inch  to 
a  pipe  3  inches  diameter.  The  pipe  is  led  a  distance  of  100  feet  to  a  nozzle 
{-inch  diameter,  at  a  height  of  25  feet  above  the  pump.  Find  the  quan- 
tity discharged  per  second  and  the  height  to  which  the  jet  can  rise — having 
given  that  the  coefficient  of  friction  of  the  pipe  is  *02,  that  the  frictional 
resistances  in  the  nozzle  can  be  neglected,  and  that  the  actual  height  the 
jet  rises  is  three-quarters  of  the  head  due  to  the  velocity  of  efflux.  Find 
also  the  pumpi  g  noise-power.     (40.) 

5.  When  suction  pumps  are  run  at  too  high  a  speed,  "shock"  or 
"separation"  takes  place.  Explain,  as  clearly  as  possible,  the  precise 
action  and  upon  what  the  limiting  speed  depends.  A  single-acting  Buction 
and  lift  plunger  pump,  whose  piston  has  a  diameter  of  12  inches  and  a 
stroke  of  2  leet,  with  a  suction  pipe  33  feet  long  and  10  inches  diameter, 
has  a  lift  of  20  feet — the  barometric  head  being  34  feet  of  water.  Assum- 
ing that  the  piston  moves  in  a  simple  harmonic  manner,  find  the  limiting 
number  of  revolutions  per  minute  of  the  crank-shaft  below  which  separa- 
tion will  not  take  place  at  the  commencement  of  the  stroke.     (40.) 

6.  Describe,  with  the  aid  of  sketches,  any  hydraulic  pumping  engine 
with  which  you  are  acquainted  in  which  the  delivery  is  the  same  for  both 
strokes.     Show,  in  particular,  the  arrangement  of  valves.     {36.) 


O.   AND  G.   QUESTIONS,   SECTTON  C,   I 


7.  Discuss  the  advantages  and  disadvantages  of 
turbines,  pointing  out  what  considerations  determii 
Briefly  describe  the  different  ways  by  which  the  rej 
to  turbines  is  effected      (40. ) 

8.  Find  the  circumferential  speed  of  the  wheel  < 
which  is  required  to  lift  200  tons  of  water  per  min 
given  that  the  hydraulic  efficiency  of  the  pump  is 
through  the  wheel  4*5  feet  per  second,  and  that  the 
wards  so  that  the  angle  between  their  directions 
circumference  of  the  wheel  is  20°.     {45,) 
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QUESTIONS  8ET  BT  THE  BOARD  OF  EDUCATION  AT 
THEIR  ADVANCED  AND  HONOURS  EXAMINATIONS 
ON  APPLIED  MECHANICS.  ALSO,  BT  THE  CITY 
AND  OUILD8  OF  LONDON  INSTITUTE  AT  THEIR 
TECHNOLOGICAL  EXAMINATIONS  IN  MECHANICAL 
ENGINEERING,  WHICH  ARE  NOT  INCLUDED  AT 
THE  END  OF  ANT  OF  THE  LECTURES  IN  EITHER 
VOLS.  I.  OR  II. 


Tools  and  Hydraulic  Motors. 

1.  Describe  any  hydraulic  motor  you  are  familiar  with,  and  obtain  an 
expression  for  the  gallons  of  water  needed  per  H.P.  hour,  given  the  avail- 
able water  pressure.     (C.  &  G.,  1900,  H.,  Sec  C.) 

2.  Show  by  sketches  the  construction  of  a  hand  plane  for  planing  wood. 
Be  particular  as  to  the  angle  of  the  "plane  iron."  What  is  the  use  of  the 
••  top  iron  "  ?    (B.  of  E.  Adv.,  1901.) 

3.  How  many  6-inch  pipes  will  be  required  to  convey  the  water  from  a 
hydraulic  central  station,  with  a  maximum  possible  output  of  1,200  H.P.  ? 
The  working  water  pressure  to  be  maintained  in  the  mains  is  1,200  lba. 
per  square  inch.  Choose  your  own  velocity  of  flow.  Show  by  a  sketch 
now  the  pipes  in  such  mains  are  jointed  together. 

(C.  &  Q.,  1901,  H.,  Sec.  C.) 

4.  Describe  with  sketches  only  one  of  the  following :— (a)  The  mechanism 
for  giving  an  automatic  feed  to  the  cutting  tool  of  a  lathe  or  shaping 
machine,  and  how  it  is  put  in  and  out  of  action,  and  the  amount  of  feed 
varied.  (6)  The  construction  and  use  of  external  and  internal  workshop 
gauges,  by  means  of  which  the  size  of  a  spindle  (say  2  inches  diameter)  and 
that  of  a  hole  into  whioh  it  fits  may  be  ensured  within  specified  limits  of 
accuracy.  State  any  advantages  due  to  this  Bystem  of  working,  (c)  Any 
tool  used  by  riveters  and  worked  by  water  pressure.  (B.  of  E.  H.,  Part  L, 
1902.)    (To  answer  (a)  and  (b)  see  my  "  Elementary  Applied  Mechanics.") 

5.  Describe,  with  the  aid  of  a  sketch,  Oldham's  coupling.  Prove  that  it 
transmits  a  constant  angular  velocity  ratio  between  the  two  parallel  shafts. 

(G.  &G.,  1902,  O.,  Sec.  A.) 

Strength  of  Materials.* 

1.  A  cylindrical  steel  pin  is  used  to  oouple  together  two  rods,  and  the 
joint  is  arranged  in  such  a  way  that  the  pin  is  subjected  to  double  shear. 
If  the  total  tensile  force  tending  to  pull  the  joint  asunder  is  18|  tons, 
what  diameter  would  you  make  the  pin  ?  Choose  for  yourself  the  working 
shearing  stress  which  can  be  permitted.     (C.  &  G.,  1901,  O.,  Sect.  B.) 

*  A  few  Lectures  on  these  subjects  where  the  (*)  appears  are  now  being 
prepared  by  me  for  Volume  II.  of  this  book  to  cover  these  questions, 
Ac.— -A.  J. 


Tests  and  Testing  Machines.* 

1.  Suppose  the  verticil  loads  and  supporting  forces  of  a  horizontal 
beam  to  be  known,  show  how  we  find  ( 1 )  tne  shearing  force  at  the  section, 
(2)  the  position  of  the  neutral  lino,  (3)  the  compressive  stress  at  any  part 
of  the  section,  (4)  the  curvature  of  the  beam,  (5)  the  new  shape  of  a  portion 
of  the  section  originally  rectangular,  its  sides  vertical  and  horizontal. 

(B.  of  E.  Adv.  &  H.,  Part  I.,  1900.) 

2.  A  tie- bar  6  inches  wide  and  1J  inches  thick  is  curved  in  the  plane  of 
the  width  in  such  a  way  that  the  mean  line  of  pull  is  2  inches  away  from 
the  geometrical  axis  of  the  bar  in  the  centre  of  the  length.  If  it  is  under 
a  total  pull  of  22J  tons,  find  the  maximum  and  minimum  stresses  at  the 
centre  cross-section.     (C.  k  G.,  1900,  H.,  Sec.  A.) 

3.  Describe  carefully  the  behaviour  of  a  mild-steel  bar  tested  gradually 
in  tension  up  to  rupture,  and  sketch  a  stress-strain  ourve  for  it.  The 
following  data  were  obtained  in  such  a  test: — Original  diameter  of  bar 
1£  inches,  final  diameter  at  point  of  fracture  fj  of  an  inch,  total  load 
when  limit  of  elasticity  was  reached  20*8  tons,  total  load  at  fracture 
36 7  tons,  total  extension  at  fracture  (on  a  length  of  10  inches)  2*23  inches, 
elongation  (of  10-inch  length)  under  a  total  load  of  10  tons  '005  inch. 
Deduce  from  these  data  the  following: — (a)  The  modulus  of  tensile 
elasticity,  (b)  The  reduction  of  area  per  cent,  (c)  The  elongation  at 
fracture  per  cent,  (d)  The  limit  of  elasticity  in  tons  per  [square  inch, 
(e)  The  maximum  load  in  tons  per  square  inch  (both  for  original  and  final 
area).     (C.  &  G.,  1901,  H.,  Sect.  A.) 

4.  What  would  be  the  probable  breaking  loads  in  tension  of  the 
following  three  bars: — (a)  A  cast-iron  cylindrical  rod,  1£  inches  in 
diameter ;  (b)  a  wrought- iron  flat  bar  2  inches  by  §  inch  in  section ;  (c)  a 
mild-steel  angle  bar  3&  inches  by  34  inches  by  £  inch  in  section  ? 

(C.&G.,  1901,  O.,  Sec.  B.) 

5.  Answer  only  one  of  the  following : — (a)  Describe  a  laboratory  experi- 
ment by  which  you  could  find  E,  Young's  modulus  of  elasticity,  for  an  iron 
wire  10  feet  long  and  0  1*5  inch  diameter.  How  would  you  secure  the 
upper  etui  nf  the  wire?  How  apply  the  load?  And  how  measure  the 
limitation?  Huw  would  you,  plot  your  results,  and  how  deduce  the  value 
of  K?    About  how  much  elongation  would  you  expect  for  a  load  of  15  lbs.  T 

IB.  of  K,  H„  Part  L,  1002L) 
i>    Show  that  a  load  which,  when  applied  gradually,  inducts  an  intcrmity 
of  stress,,/],,  in  a  bur  of  Length,  K  will  inducts  when  dropped  from  a  height, 
hf  before  stretching  the  bar,  a  stress  given  by 


*W-#}' 


the  whole  energy  of  the  blow  being  assumed  expended  in  straining  the  bar. 

UX  &G.,  11*02,  H.,  See.  A.) 

7    It  Mi  tensile  test  of  mild  steel  the  original  section  was  a  rectangle  of 

djmenalnni  I'tMJ  inches  by    4  inch,  and  the  breaking  load  was  25  tons. 

The  extension  at  fracture,  in  a  length  of  8  inches,  wa*  2'44  inches  ami  I  hm 

contracted  dimensions  were  1*41  mches  by  "27  inch.      Under  a  load  of 

*  See  the  previous  footnote. 
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14  tons  (within  the  elastic  limit)  the  extension  in  8  inches  was  -0107  inch. 
Calculate  the  stress  at  breaking  point,  the  percentage  extension,  the 
percentage  contraction  of  area,  and  the  value  of  xoung's  Modulus. 
Express  an  opinion  whether  the  specimen  is  a  good  or  a  bad  one. 

(C.  &  G.,  1902,  O.,  Sec  B.} 


Columns.* 

1.  A  solid  wrought-iron  cylindrical  strut  is  8  feet  4  inches  long,  and  has 
its  ends  solidly  built  in  :  assuming  it  has  only  a  pure  compressive  load  of 
24  tons  to  support,  what  must  the  diameter  be  if  the  working  load  is  only 
to  be  *th  of  the  collapsing  load  ?    (C.  A  O.,  1900,  H.,  Sec.  A.) 

2.  It  is  known  that  a  solid  cast-iron  column  of  4  inches  diameter  and 
7  feet  in  length  would  oollapse  under  a  load  of  17*5  tons  per  square  inch : 
what  total  Toad  oould  you  allow  the  column  to  support  with  a  factor  of 
safety  of  8  !    (C.  &  O.,  1900,  O.,  Sec.  B.) 

3.  How  much  would  a  cast-iron  column  12  feet  long  shorten  under  a 
load  of  3J  tons  per  square  inch,  if  it  is  a  hollow  section  8  inches  in  external 
diameter  and  1  inch  thick?  The  modulus  of  elasticity  of  cast  iron  in 
compression  is  12,500,000  lbs  per  square  inch.  What  total  compressive 
load  will  this  column  support  under  the  above  stress  per  square  inch  ? 

(C.  &  G.,  1901,  O.,  Sect.  B.) 

4.  Explain  why  the  resistance  of  a  long  strut  depends  more  on  the  stiff- 
ness of  the  material  than  on  its  strength.  Quote  any  formula  which  la 
used  in  the  design  of  long  struts.     (C.  &  O.,  1902,  O.,  Sec  B.) 


Hannonie  Motion  and  Springs.* 

1.  What  is  the  nature  of  the  forces  producing  the  simplest  recipro- 
cating motion  ?  A  body  of  40  lbs.  weight  hangs  from  a  spiral  spring  and 
vibrates  vertically;  what  is  the  periodic  time  of  its  vibration  if  the  stiff- 
ness of  the  spring  is  such  that  a  weight  of  10  lbs.  would  elongate  it 
0-1  foot?    (S.  and  A.  Adv.,  1899.) 

2.  What  is  the  nature  of  the  forces  producing  the  simplest  reciprocating 
motion  ?  A  carriage  of  322  lbs.  moving  without  friction  with  this  kind  of 
motion  on  a  horizontal  table  has  a  periodic  time  of  0*6  second.  It  moves 
to  the  distance  of  1  foot  on  either  aide  of  a  middle  position  ;  what  are  the 
forces  acting  upon  it?    Ana.  1,1111  lbs.     (B.  of  £.  Adv.,  1900.) 

3.  A  body  of  60  lbs.  has  a  simple  vibration,  the  total  length  of  a  swing 
being  3  feet;  there  are  200  complete  vibrations  (or  double  swings)  per 
minute;  calculate  the  forces  which  act  on  the  body  at  the  ends  of  a  swing, 
and  show  on  a  diagram  to  scalo  what  force  acts  upon  the  body  in  every 
position.     (B.  of  E.  Adv.,  1901.) 

4.  A  weight  of  5  lbs.  is  supported  by  a  spring.  The  stiffness  of  the 
spring  is  such  that  nutting  on  or  taking  off  a  weight  of  1  lb.  produces  a 
downward  or  upward  motion  of  0*04  foot.  What  is  the  time  of  a  complete 
oscillation,  neglecting  the  mass  of  the  spring?    (B.  of  E.  Adv.,  1902.) 


*  See  the  previous  footnote. 


Crane  Hooks.* 

1.  In  a  21 -ton  crane  hook,  the  radius  of  the  eye  is  2*75  inches  and  the 
horizontal  section  through  the  eye  is  a  rectangle  of  dimensions  2*25  inches 
by  4*5  inches.  Estimate  the  greatest  tensile  and  compressive  stresses  at 
the  section  considered      (C.  AG.,  1902,  H.,  Sec.  A.) 


Collapsing  Pressure  of  Cylindrical  Tubes.* 

1.  A  structure  has  a  hollow  circular  section  10  inches  outside  diameter 
and  8  inches  inside.  The  resultant  of  all  the  loads  and  supporting  forces 
acting  on  one  side  of  the  section  has  a  component  of  30  tons  normal  to  the 
section  and  it  acts  at  2  inches  from  the  centre;  find  the  maximum  and 
minimum  stresses  in  the  section.     (S.  and  A.  H.,  Part  I.,  1899.) 


*  See  the  previous  footnote. 
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APPENDIX    D. 


THE  INSTITUTION  OF  CI  VIL  ENGINEERS. 


Extracts  from  Rules  and  Syllabus  of  Examinations  fob 

ELECTION  OF   ASSOCIATE   MEMBERS. 

Note. — The  following  extracts  are  simply  printed  here  to  show,  how  far 
my  books  upon  Applied  Mechanic*,  Steam  and  Steam  Engines,  as  well  as 
Magnetism  and  Electricity  (including  Munro  &  Jamieson's  Pocket- Book  of 
Electrical  Rvles  and  Tables),  together  with  my  "  Correspondence  System  of 
Electrical  and  Mechanical  Engineering  Science,  as  taught  by  Excercises, 
Drawings,  and  Instructions  "  cover  the  Scientific  and  Practical  Knowledge 
demanded  by  The  Institution,  under  Part  II.,  Section  A  (1  and  2),  as 
well  as  Section  B  under  (ii.)  Hydraulics,  (iii.)  Theory  of  Heat  Engines, 
and  (viii.)  Electricity  and  Magnetism. 

N.B. — In  and  after  October,  1904,  the  Associate  Membership  Examina- 
tion will  be  held  under  Revised  Regulations,  as  detailed  herein  three 
pages  after  this.  I  shall  endeavour  to  keep  my  books  in  conformity  with 
these  new  regulations. 

In  the  new  regulations  for  Students,  which  come  into  force  in  October, 
1903,  one  of  the  new  subjects  which  may  be  selected  is  that  of  Elementary 
Mechanics  of  Solids  and  Fluids.  See  my  Elementary  Applied  Mechanics 
when  studying  this  subject,  and  my  Elementary  Magnetism  and  Electricity 
book  when  reading  that  part  of  the  Elementary  Physios  for  admission  of 
Students* 

Part  II.* — Scientific  Knowledge. 
Section  A. 

1.  Theoretical  and  Elementary  Applied  Mechanics  (two  Papers, 
time  allowed,  3  hours  for  each). 

2.  Theory  of  Structures  and  the  Strength  and  Elasticity  of 
Materials  (two  Papers,  time  allowed,  3  hours  for  each). 

*  Candidates  may  offer  themselves  for  examination  in  Sections  A  and  B 
of  Part  II.  together;  or  they  may  enter  for  Section  A  alone,  and,  if 
successful,  may  take  Section  B  at  a  subsequent  examination.  In  the 
latter  case,  however,  such  candidates  will  not  be  allowed  to  present 
themselves  for  examination  in  Section  B  unless  or  until  they  are  actually 
occupied  in  work  as  pupils  or  assistants  to  practising  engineers.  The 
Council  may  permit  candidates  who  have  attempted  the  whole  of  Part  II. 
at  one  examination,  and  have  failed  in  Section  B  only,  to  complete  their 
qualification  by  passing  in  that  section  at  a  subsequent  examination, 
subject  to  their  being  then  occupied  as  above  stated. 


vsuo  ui    i/uc  iwiuwiug    ouujcv/io  yuiic    x  apex    111   auy   uuc  duujouu, 

<ime  allowed,  3  hours): — (i.)  Geodesy;  (ii.)  Hydraulics;  (Hi.) 
Theory  of  Heat  Engines;  (iv.)  Metallurgy;  (v.)  Geology  and 
Mineralogy ;  (vi.)  Stability  and  Resistance  of  Ships ;  (vii.) 
Thermo-  and  Electro- Chemistry ;  and  (viii.)  Electricity  and 
Magnetism. 

Mathematics. — The  standard  of  Mathematics  required  for  the 
Papers  in  Part  II.  of  the  examination  is  that  of  the  mathe- 
matical portion  of  the  Examination  for  the  Admission  of 
Students,  though  questions  may  be  set  involving  the  use  of 
higher  Mathematics. 

The  range  of  the  examinations  in  the  severaf  subjects,  in  each 
of  which  a  choice  of  questions  will  be  allowed,  is  indicated 
generally  hereunder : — 


Section  A. 

1.  Theoretical  and  Elementary  Applied  Mechanics:—* 

Statics  of  solids  and  fluids ;  statical  problems  connected  with  loaded 
structures  ;  gravity  and  attraction  ;  friction  ;  static,  kinematic,  and 
kinetic  problems  relating  to  machines ;  conservation  of  energy ;  theory 
of  mechanisms. 

2.  Theory  of  Structures  and  the  Strength  and  Elasticity  of 
Materials :— * 

Graphic  and  analytic  methods  for  the  calculation  of  bending  moments 
and  of  shearing  forces,  and  of  the  stresses  in  individual  members  of 
framework  structures  loaded  at  the  joints ;  plate  and  box  girders  ;  incom- 
plete and  redundant  frames;  theory  of  continuous  girders  and  principal 
methods  of  calculation ;  travelling  loads ;  riveted  and  pin-joint  girders ; 
rigid  and  hinged  arches ;  strains  due  to  weight  of  structures ;  theory  of 
earth -pressure  and  of  foundations;  stability  of  masonry  and  brickwork 
structures. 

Coefficients  of  elasticity;  elastic  resistance  to  tension,  compression, 
shearing,  and  torsion ;  uniform  and  varying  stress ;  moment  of  stress 
and  of  resistance  in  beams  of  various  sections ;  distribution  of  shearing 
stress  in  beams ;  stresses  suddenly  applied  and  effects  of  impact ;  buckling 
of  struts  ;  effect  of  different  end -fastenings  on  their  resistance ;  combined 
strains ;  calculations  connected  with  statically  indeterminate  problems,  as 
beams  supported  at  three  points,  Ac  ;  limit  of  elasticity,  yield-point,  and 
ultimate  resistance  of  various  materials  as  tested ;  the  plastic  state  ; 
principal  forms  of  testing-machines  and  of  appliances  used  in  measure- 
ments for  the  determination  of  coefficients  of  elasticity;  calculation  of 
extension,  deflection,  buckling,  Ac,  within  elastic  limits,  and  of  ultimate 
strength  and  ductility  for  ordinary  materials  of  construction. 

*  See  my  Elementary  Book  and  Vols.  I.  and  II.  on  Applied  Mechanics. 
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Section  B. 
(ii.)  Hydraulics:—* 

The  laws  of  the  flow  of  water  by  orifices,  notches,  and  weirs ;  laws  of 
fluid  friction ;  steady  flow  in  pipes  or  channels  of  uniform  section  ; 
resistance  of  valves  and  bends ;  general  phenomena  of  flow  in  rivers ; 
methods  of  determining  the  discharge  of  streams ;  tidal  action ;  genera- 
tion and  effect  of  waves ;  impulse  and  reaction  of  jets  of  water ;  trans- 
mission of  energy  by  fluids ;  principles  of  machines  acting  by  the  weighs 
and  pressure  of  water ;  theory  and  structure  of  turbines  and  pumps. 

(iii.)  Theory  of  Heat-Engines :— t 

Thermodynamic  laws  ;  internal  and  external  work  ;  graphical  repre- 
sentation of  changes  in  the  condition  of  a  fluid ;  theory  of  heat-engines 
working  with  a  perfect  gas  ;  air-  and  gas- engine  cycles ;  reversibility, 
conditions  necessary  for  maximum  possible  efficiency  in  any  cycle ;  pro- 
perties of  steam ;  the  Carnot  and  Clausius  cycles ;  entropy  and  entropy- 
temperature  diagrams,  and  their  application  in  the  study  of  heat-engines ; 
actual  heat-engine  cycles  and  their  thermodynamic  losses ;  effects  of 
clearance  and  throttling ;  initial  condensation  ;  testing  of  heat-engines, 
and  the  apparatus  omployed  ;  performances  of  typical  engines  of  different 
classes;  efficiency. 

(viii.)  Electricity  and  Magnetism : — { 

The  theory  of  the  generation,  storage,  transformation,  and  distribution  of 
electrical  energy ;  continuous  and  alternating  currents ;  electro- magnetism ; 
polyphase  systems  ;  calculation  of  the  losses  in  electrical  processes,  and  of 
the  efficiency  of  electrical  machinery  and  apparatus ;  arc  and  incandescent 
lamps ;  electrical  and  magnetic  measurement  and  measuring  i»  struments. 

The  examination  may,  in  the  discretion  of  the  Council,  be 
taken  by  Students  of  the  Institution  who  are  not  less  than 
21  years  of  age  (see  p.  2,  Rule  2),  before  proposals  in  favour  of 
their  election  into  the  Institution  have  been  lodged  with  the 
Secretary. 

In  the  discretion  of  the  Council,  arrangements  may  be  made 
for  the  examination  in  October  of  persons  residing  in  India  or 
in  the  Colonies  in  whose  favour  proposals  for  election  have  been 
lodged  (see  p.  3,  Rule  7). 

*  See  my  Elementary  Book  and  Vols.  I.  and  II.  on  Applied  Mechanics. 

tSee  my  Elementary  and  Advanced  Text- Books  on  Steam  and  Steam 
Engines,  latest  editions.  Also,  Gas,  0*7,  and  Air  Engines,  by  Bryan 
Donkin ;  Marine  Engineering,  by  A.  E.  Seaton ;  The  Steam  Engine  and 
other  Prime  Movers,  by  Prof.  W.  J.  Macquorn  Rankine;  &c.,  as  published 
by  Charles  Griffin  k  Co. 

X  This  examination  is  really  one  involving  a  knowledge  of  certain  parts 
of  Electrical  Engineering,  in  addition  to  the  Scientific  Principles  of 
Electricity  and  Magnetism. 
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Engineers  who  desire  to  enter  for  the  A.M.Inst.C.E.  ex- 
aminations should  write  at  once  to  the  Secretary,  Great  George 
Street,  Westminster,  S.W.,  for  the  Complete  Rules,  Syllabus, 
and  Application  Forms.  They  will  find  all  the  questions 
relating  to  the  above  mentioned  subjects  which  have  been  s^t 
since  these  examinations  commenced  in  1897  in  my  Text-Books. 


ELECTION   OF  ASSOCIATE  MEMBERS. 

OCTOBER  EXAMINATION,  1904. 
{A  Time-table  of  the  Examination  will  be  issued  after  February,  1904.) 

Part  II. — Scientific  Knowledge 
Section  A. 

1.  Applied  Mechanics  (one  Paper,  lime  allowed,  3  hours). 

2.  Strength  and  Elasticity  of  Materials  (one  Paper,  time 
allowed,  3  hours). 

3.  Either  (a)  Theory  of  Structures, 

or  (b)  Theory  of  Electricity  and  Magnetism  (one  Paper, 
time  allowed,  3  hours). 

Section  B. 

Two  of  the  following  nine  subjects — not  more  than  one  from 
any  group  (one  Paper  in  each  subject  taken,  time  allowed,  3  hours 
for  each  Paper): — Group  i. — Geodesy,  Theory  of  Heat-Engines, 
Metallurgy.  Group  ii. — Hydraulics,  Theory  of  Machines,  Thermo- 
and  Electro-Chemistry.  Group  iii. — Geology  and  Mineralogy, 
Stability  and  Resistance  of  Ships,  Applications  of  Electricity. 

The  range  of  the  examinations  in  the  several  subjects,  in  each 
of  which  a  choice  of  questions  will  be  allowed,  is  indicated 
generally  hereunder : — 

Section  A. 
1.  Applied  Mechanics: — 

Statics.—  Forces  acting  on  a  rigid  body  ;  moments  of  forces,  composition, 
and  resolution  of  forces ;  couples,  conditions  of  equilibrium,  with  applica- 
tion to  loaded  structures.  The  foregoing  subjects  to  bo  treated  both 
graphically  and  by  aid  of  algebra  and  geometry. 

Hydrostatics. — Pressure  at  any  point  in  a  gravitating  liquid ;  centre  of 
pressure  on  immersed  plane  areas ;  specific  gravity. 
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KinenuUice  of  Plane  Moth*.—  Velocity  and  acceleration  of  a  point; 
instantaneous  centre  of  a  moving  body. 

Kinetics  of  Plane  Motion*  —  Force,  mass,  momentum,  moment  of 
momentum,  work,  energy,  their  relation  and  their  measure ;  equations  off 
motion  of  a  particle ;  rectilinear  motion  under  the  action  of  gravity  ; 
falling  bodies  and  motion  on  an  inclined  plane ;  motion  in  a  circle ;  centres 
of  mass  and  moments  of  inertia ;  rotation  of  a  rigid  body  about  a  fixed 
axis  ;  conservation  of  energy. 

2.  Strength  and  Elasticity  of  Materials — the  same  as  detailed 
on  a  previous  page. 

3.  (a)  Theory  of  Structures  —  the  same  as  detailed  on  a 
previous  page. 

(b)  Theory  of  Electricity  and  Magnetisms- 
Electrical  and  magnetic  laws,  units,  standards,  and  measurements ; 
electrical  and  magnetic  measuring  instruments ;  the  theory  of  the 
generation,  storage,  transformation  and  distribution  of  electrical  energy  ; 
continuous  and  alternating  currents ;  arc  and  incandescent  lamps ;  second- 
ary cells. 

Section  B. 
Hydraulics — the  same  as  detailed  on  a  previous  page. 
Theory  of  Machines:— 

Kinematics  of  machines;  inversion  of  kinematic  chains;  virtual  centres; 
belt,  roj*>,  chain,  toothed  and  screw  gearing;  velocity,  acceleration  and 
effort  diagrams ;  inertia  of  reciprocating  parts ;  elementary  cases  of 
balancing;  governors  and  flywheels;  friction  and  efficiency;  strength 
and  proportions  of  machine  parts  in  simple  cases. 

Theory  of  Heat-Engines— the  same  as  detailed  on  a 
previous  page. 

Applications  of  Electricity: — 

Theory  and  design  of  continuous-  and  alternating-current  generators  and 
motors,  synchronous  and  induction  motors  and  static  transformers ;  desigu 
of  generating-  and  sub-stations  and  the  principal  plant  required  in  them  ; 
the  principal  systems  of  distributing  electrical  energy,  including  the 
arrangement  of  mains  and  feeders ;  estimation  of  losses  and  of  efficiency ; 
principal  systems  of  electric  traction ;  construction  and  efficiency  of  the 
principal  types  of  electric  lamps. 

fjff^T  Candidates  should  not  forget,  that  their  Applications,  duly  completed,  m»9t  be 
in  the  hands  of  the  Secretary  of  the  Institution  of  Civil  Engineers,  Great 
George  Street,  Westminster,  8.W.,  before  1st  January  for  the  February  Examin- 
ation, and  before  the  1st  September  for  the  October  Examination.  Candidates 
should,  therefore,  apply  for  the  necessary  "Forms,"  at  leaet  six  months  before 
these  Examinations,  to  give  them  .time  to  make  due  and  proper  Application, 
and  to  thoroughly  Hepiee  the  subjects  upon  which  they  are  to  be  examined. 


APPENDIX  D— Continued. 

QUESTIONS    SET    BT    THE    INSTITUTION 
ENGINEERS    FOB    THE    ASSOCIATE    ME 
AMINATIONS  FBOM  OCT.,  1807,  TO  FEB.,  1 
ARE  NOT  INCLUDED  AT  THE  END  OF  Al 
LECTURES  IN  EITHER  VOLS.  I.  OR  H. 


STRENGTH  AND  ELASTICITY  OF  MATE 
Tests  and  Testing  Machines,  with  Stress-Strain 

Note. — Two  or  three  Lectures  art  in  Active  Preparation  for  t 
of  this  Book,  which,  it  is  hoptd,  will  cover  the  range  oft 
In  the  meantime,  students  are  referred  to  the  already-m 

1.  A  bar  4  inches  x  2  inches  in  cross-section  is  subjected  to 
tension  of  40  tons.  Find  the  normal  and  shearing  stressei 
inclined  at  30°  to  the  axis  of  the  bar.    (I.C.E.,  Oct.,  1897.) 

2.  Describe  the  method  of  conducting  a  tension  test  of 
steel.     State  what  precautions  should  be  taken  in  preparin 
and  what  measurements  should  be  made.     (I.C.E.,  Oct.,  189 

3.  Describe  and  sketch  one  form  of  testing  machine.  Sta 
conditions  you  would  require  in  such  a  machine  for  testing  t< 
State  how  or  to  what  extent  its  accuracy  can  be  ascertained 

(LCI 

4.  Describe  the  methods  of  holding  tension  specimens,  am 
special  advantages  or  defects  of  any  of  these.     (I.C.E. ,  Oct., 

5.  Sketch  a  stress-strain  diagram  for  oast  iron,  mild  steel,  a 
Indicate  on  each  what  are  the  characteristic  points.     (I.O.  E. 

6.  What  is  meant  by  the  pressure  of  fluidity  of  a  solid,  ai 
law  governing  the  change  of  form  when  the  pressure  of  fluidit 
Give  a  stress-strain  diagram  for  a  plastic  solid  cylinder  sub 
pression.     (I.C.E.,  Oct.,  1897.) 

7.  Give  an  account  of  the  method  of  making  and  testing  cemc 
Explain  carefully  what  precautions  have  to  De  taken.  Menti< 
soundness.     (I.C.E.,  Oct.,  1897.) 

8.  Describe  carefully  a  form  of  micrometer  for  determining 
tensi ons  of  a  bar.   State  how  its  accuracy  can  be  tested.    (I.  C.  J 

9.  Give  a  specification  of  tests  of  mild  steel  bars  and  plal 
work.     (I.C.E.,  Oct.,  1897.) 

10.  Explain  what  is  meant  by  Poisson's  ratio.  A  cube  of 
side  has  two  simple  normal  stresses,  Pi,Pt,  on  \  airs  of  opposil 
the  length  of  the  sides  of  the  cube  when  deformed  by  the  strei 

(I.C.E 

11.  Find  the  relation  between  the  coefficient  of  direct  elas 
coefficient  of  rigidity.     (I.  C.  E. ,  Oct. ,  1 897. ) 

12.  Describe  the  successive  effects  of  an  increasing  pull  sti 
a  specimen  of  mild  steel,  and  illustrate  your  answer  by  referee 
strain  diagram  sketched  to  a  scale.  Define  Young's  modulus, 
its  meaning  by  reference  to  a  stress-strain  diagram.     (I.C.E., 

13.  A  specimen  of  mild  steel  1  inch  in  diameter  and  II 
between  the  gauge-points  gives  the  following  results: — Yield 
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per  square  inch  ;  maximum  load,  30  tone  per  square  inch  of  original  area  • 
extension,  26  per  cent.  What  results  would  you  expect  to  obtain  in 
testing  two  other  specimens  of  the  same  quality  of  material,  one  $  inch  in 
diameter  and  5  inches  long  and  the  other  }  inch  in  diameter  and  10  inches 
long  between  gauge-points !  Criticise  in  this  connection  the  specification  : 
"  The  steel  is  to  have  a  strength  of  28  tons  per  square  inch  and  to  give  an 
elongation  of  25  per  cent,  on  a  length  of  8  inches.*    (I.C.E.,  Feb.,  18%.) 

14.  Sketch  and  describe  one  form  of  stress-strain  indicator  suitable  for 
use  in  tension  tests  of  iron  or  steel  specimens.     (I.C.E  .  Feb.,  1898.) 

15.  Explain  how  Poisson's  ratio  may  be  determined  for  a  specimen  of 
mild  steel  by  experiments  on  torsion  and  bending,  giving  the  formulae 
required.     (I.C.E. ,  Feb.,  1898.)  *    **       * 

16.  The  tensile  strength  of  cast  iron,  as  calculated  by  the  ordinary 
formulae  from  the  results  of  experiments  on  the  ultimate  strength  of 
Warns,  differs  from  that  obtained  by  direct-tension  experiments.  Account 
for  the  difference,  and  state  what  you  know  of  it  quantitatively  in  any 
cases.     (I.C.E.,  Feb.,  1898.)  J  J 

17.  When  a  1-inch  bolt  of  mild  steel  has  a  screw-thread  cut  upon  its  end, 
how  will  its  strength  and  toughness  be  affected?  And  how  will  they  be 
affected  again  if  the  shank  is  turned  down  to  the  diameter  of  the  scfrew 
inside  the  thread?  Explain  these  effects  by  reference  to  the  stress-strain 
diagram.     (I.  C.  E. ,  Oct. ,  1898. ) 

18.  In  testing  materials  under  direct  tension,  describe  the  manner  in 
which  a  stress-strain  diagram  is  usually  constructed,  explaining  what  are 
the  quantities  i  epresented  by  its  eo-ordmates  ;  and  sketch  the  typical  form 
of  such  a  diagram  for  a  10-inch  test-bar  of  mild  steel,  with  explanatory 
remarks.  (It  is  not  necessary  here  to  describe  the  mechanical  details  of 
any  particular  apparatus. )    (I.C.E.,  Oct.,  1898.) 

1 9.  Descril>e  the  different  kinds  of  failure  that  would  be  observed  under 
a  direct  crushing  load,  in  cubes  or  short  cylinders  of  the  following 
materials : — Lead,  cast  iron,  granite,  mild  steel,  pine  timber,  and  ash  timber 
— the  last  two  being  set  with  the  grain  vertical  (I.C.E. ,  Oct.,  1898.) 

20.  Having  ascertained  that  a  certain  mixture  of  east  iron  possesses  an 
ultimate  tensile  strength  of  9  tons  per  square  inch,  calculate  the  breaking 
weight  of  a  standard  bar  2  inches  by  1  inch,  placed  upon  supports  3  feet 
apart  and  loaded  in  the  middle.  In  using  for  this  purpose  the  ordinary 
theory  of  transverse  flexure,  add  any  comments  that  you  may  think 
necessary  in  regard  to  the  result  so  obtained.     (I.C.E.,  Feb.,  1899.) 

21.  Sketch  a  suitable  form  of  briquette  and  clips  for  testing  Portland 
cement  in  direct  tension.  Explain,  also,  how  the  result  of  the  test  would 
probably  be  affected  by  the  age  of  the  specimen  and  by  the  rapidity  of 
loading.     (I.C.E.,  Feb.,  1899.) 

'22.  Describe  some  form  of  testing  machine  suitable  for  performing  an 
experiment  on  stretching  a  test-piece  till  rupture  occurs.  Show  how  the 
results  of  such  an  experiment  are  exhibited  graphically.  Sketch  the  curve 
obtained  for  a  specimen  of  mild  steel,  marking  the  most  important  points 
with  the  names  commonly  applied  to  them.     (I.C.E.,  Oct.,  1899.) 

23.  State  the  characteristics  of  the  "plastic  state"  of  a  material,  and 
give  examples  of  the  "flow  of  solids."  Describe  an  experiment  on  the 
crushing  of  a  block  of  soft  steel,  and  compare  it  with  a  similar  experiment 
on  a  piece  of  cast-iron.     (I. C.  E. ,  Oct. ,  1 899. ) 

24.  Describe  any  experiment  which  has  been  made  on  the  effect  of 
repeating  a  load  in  the  same  or  in  the  opposite  direction  ;  as  for  example, 
when  a  bar  is  bent  alternately  in  opposite  directions  till  it  breaks.  State 
the  principal  results  of  such  experiments.     (I.C.E.,  Oct.,  1899.) 
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25.  Explain  the  terms  "limit  of  elasticity,"  "modulus  of  elasticity." 
Describe  the  changes  of  form  which  occur  when  a  piece  of  material  is 
stretched  or  compressed  within  the  elastic  limit.  Calculate  these  changes 
in  fractions  of  an  inch  for  a  piece  of  wrought  iron  of  circular  section 
2  inches  in  diameter,  6  feet  long,  under  a  pull  of  15  tons,  assuming 
probable  values  of  the  coefficients.     (I.C.E.,  Feb.,  1900.) 

26.  If  the  line  of  action  of  the  pull  on  a  bar  does  not  coincide  with  its 

? geometrical  axis,  show  that  its  strength  is  diminished.  Find  the  deviation 
or  a  bar  of  circular  section  2  inches  in  diameter  when  the  strength  is 
diminished  20  per  cent.     (I.C.E.,  Feb.,  1900.) 

27.  Describe  fully  the  several  at  iges  of  an  experiment  on  the  stretching 
of  a  piece  of  wrought  iron  till  rupture  occurs,  stating  the  average  results 
of  such  experiments.  Also  explain  how  the  results  are  influenced  by  the 
form  of  test-piece  adopted.     (I.C.E.,  Feb.,  1900. ) 

28.  State  carefully  the  characteristics  of  plastic  and  non-plastic  materials 
employed  in  construction,  giving  examples  of  each.  Describe  fully  an 
experiment  on  the  crushing  of  a  block  of  non-plastic  material,  stating 
the  circumstances  which  influence  the  crushing  strength. 

(I.C.E.,  Feb.,  1900.) 

29.  Explain  what  are  meant  by  the  terms  "centre  of  resistance,"  "line 
of  resistance,"  employed  in  the  theory  of  blockwork  structures.  State 
fully  the  reasons  why  the  deviation  of  the  centre  of  resistance  of  a  joint 
from  its^geometrical  centre  cannot  generally  exceed  a  certain  fraction  of 
its  diameter.  Determine  that  fraction  for  a  circular  area  by  the  usual 
method.  Name  any  exceptional  cases  in  which  the  fraction  (1)  may  be 
greater,  or  (2)  must  be  less  than  that  given  by  this  rule 

(I.C.E.,  Feb.,  1900.) 

30.  Find  the  greatest  height  to  which  a  cylindrical  column  4  feet  diameter 
can  safely  be  built  so  as  to  be  stable  under  a  wind  pressure  of  20  lbs.  per 
square  foot  of  a  vertical  diametrical  section,  the  weight  of  the  material 
being  taken  as  120  lbs.  per  cubic  foot.  Find  the  line  of  resistance  in  this 
case,  and  state  the  relation  between  the  diameter  of  a  column  and  its 
height  for  the  same  degree  of  stability  under  wind- pressure. 

(I.C.E.,  Feb.,  1900.) 

31.  Mention  some  practical  tests  by  which  we  can  estimate  or  measure 
the  ductility  of  metals,  and  some  of  the  reasons  which  make  it  important 
to  obtain  a  test  of  this  property.     (I.C.E.,  Feb.,  1901.) 

32.  Find  the  position  of  the  neutral  axis  in  a  cast-iron  beam  whose 
section  has  the  following  dimensions: — Upper  flange  4  inches  wide  and 
2  inches  deepj  lower  flange  10  inches  wide  and  2}  inches  deep;  web 
2  inches  thick  ;  total  depth  of  section  20  inches.     (I.C.  E.,  Feb.,  1901.) 

33.  A  solid  square  pillar  10  feet  in  height,  with  a  section  2  feet  by 
2  feet,  and  weighing  50  cwts.,  is  subjected  to  a  horizontal  wind  pressure 
of  28  lbs.  per  square  foot  on  one  side.  Assuming  its  material  to  be 
uniformly  elastic,  find  the  intensity  of  compressive  stress  at  the  leeward 
edge  and  at  the  windward  edge  of  its  base.     (I.C.E.,  Feb.,  1901.) 

34.  If  the  elastic  twist  of  a  wire  £  inch  diameter  and  4  feet  long  from  the 
fixed  end  is  36°  with  a  certain  twisting  moment,  find  the  twist  of  the  end 
of  a  wire  of  the  same  material  £  inch  diameter  and  5  feet  long  from  the 
fixed  end,  w.th  the  same  twisting  moment.     (I.C.E.,  Oct.,  1901.) 

35.  Describe  with  the  help  of  sketches  the  general  arrangement  of  any 
testing- machine  you  are  familiar  with,  suitable  for  tensile  and  compres- 
sive tests.     Explain  how  the  machine  may  be  tested  for  accuracy. 

(I.C.E.,  Oct.,  1901.) 

36.  Explain  fully  by  means  of  stress-strain  diagrams,  the  effects  of  a 
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tensile  load  applied  suddenly  to  a  tie-bar;  (a)  without  impact;  (b)  with 
impact    (I.C.E.,  Oct.,  1901.) 

37.  A  tie-bar  9  inches  wide  and  1}  inch  thick  is  curved  in  the  plane  of  its 
width.  If  there  is  a  total  tensile  load  on  the  bar  of  30  tons,  and  if  the 
mean  line  of  pull  passes  3  inches  to  one  side  of  the  geometrical  axis  at  the 
middle  of  the  bar,  find  the  maximum  and  minimum  stresses  at  the  centre 
section  of  the  bar.     (I.C.E.,  Oct.,  1901.) 

38.  In  a  test  of  a  cylindrical  oast-iron  beam  on  a  20-inch  span  it  is 
found  that  with  a  load  of  660  lbs.  in  the  centre  the  deflection  is  0*027  inch. 
If  the  diameter  of  the  cross-section  is  1*5  inch,  what  is  the  modulus  of 
elasticity  of  the  material  ?  What  hypothesis  is  assumed  in  deducing  the 
formula  you  use  in  your  calculation  T  is  it  true  for  such  a  material  as  cast 
iron?    (I.C.E.,  Oct.,  1901.) 

39.  Explain  why  in  making  tests  of  timber  it  is  necessary  to  know  the 
dryness  condition  of  the  wood  at  the  time  of  the  test.  How  would  you 
proceed  to  ascertain  exactly  the  dryness  condition?  Do  the  results 
obtained  from  transverse  tests  of  small  specimens  differ  materially  from 
those  obtained  from  large  logs  if  the  dryness  condition  is  the  same  m  both 
oases?    (I.C.E.,  Oct.,  1901.) 

40.  Describe  fully,  with  sketches  of  the  apparatus  used,  Wohler's  and 
Bauschinger's  experiments  on  the  effect  of  repeated  application  of  loads  on 
the  strength  of  any  bar.  What  general  conclusions  can  be  drawn  from 
these  results,  and  how  can  they  oe  utilised  in  designing  machines  and 
structures?    (I.C.E.,  Oct.,  1901.) 

41.  Find  the  greatest  height  to  which  a  cylindrical  stone  column  can  be 
built  if  it  is  to  be  stable  under  the  pressure  of  a  wind  which  may  reach  a 
pressure  of  45  lbs.  per  square  foot  on  a  flat  surface  normal  to  the  wind 
direction.  The  weight  of  the  material  being  145  lbs.  per  cubic  foot,  find 
where  the  line  of  resistance  will  cut  the  base.     (I.C.  E.,  Feb.,  1902.) 

42.  Describe  fully  the  behaviour  of  a  piece  of  good  mild  steel  during  a 
tensile  test  from  the  first  application  of  the  load  until  it  reaches  the 
rupture  value.  Sketch  the  stress-strain  curve  for  such  a  specimen,  and 
mark  on  it  the  limit  of  elasticity,  the  yield  point,  the  maximum  load  and 
the  rupture  load.    (I.C.E.,  Feb.,  1902.) 

43.  Describe  as  fully  as  possible  the  various  tests  which  are  usually  made 
to  determine  the  quality  of  a  sample  of  Portland  cement.  Sketch  the  form 
of  the  briquettes  generally  adopted,  and  of  any  type  of  testing-machine 
suitable  for  the  tensile  tests  of  such  briquettes.     (I.C.E.,  Feb.,  1902.) 

44.  Explain  how  a  cube  of  cast  iron  can  be  tested  to  destruction  by  com- 
pression in  a  testing  machine ;  how  is  it  likely  to  fracture  ?  Give  your 
reasons.     (I. C. E.,  Oct.,  1902.) 

45.  A  cube  of  iron  is  in  compression,  the  load  is  applied  to  one  face  on 
the  centre  line  parallel  to  the  sides  in  one  direction,  but  is  not  at  the 
centre  of  that  line.  Show  that,  if  it  deviates  by  one-sixth 
the  length  of  the  side  from  the  centre  of  the  face  to  which 
it  is  applied,  there  is  no  stress  at  the  edge  further  from 
the  load,  and  that,  at  the  near  edge  the  intensity  of  com- 
pression is  twice  the  average  intensity.    (I.C.E.,  Oct.,  1902.)     |         I 

46.  In  a  body  subject  to  stress,  prove  that  the  shearing 
stresses  on  planes  at  right  angles  to  each  other  are  equal. 
Show,  by  a  sketch,  how  a  cube  subject  to  a  shear  on  two 
pairs  of  faces  would  be  distorted.     (I.  C. E. ,  Feb. ,  1903. ) 

47.  Make  a  sketch  of  any  form  of  autographic  apparatus 
you  are  acquainted  with,  for  causing  a  stress-strain  diagram 
to  be  taken  during  the  testing  of  a  specimen  to  destruction  in  tension. 

(I.C.E.,  Feb.,  1903.] 
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48.  What  quantities  must  be  recorded  in  an  autographic  diagram  when 
a  specimen  is  Deing  tested  to  destruction  by  torsion  in  order  that  the  work 
done  upon  the  bar  may  be  found.  Draw  such  a  diagram  for  a  steel  bar 
£  inch  diameter  and  8  inches  long,  and  show  how  to  find  the  work  done  on 
the  bar.     (I.C.E.,  Feb.,  1903.) 

On  Columns. 

1.  Explain  the  general  relation  between  the  formula  for  simple  crushing, 
and  Gordon's  and  Euler's  formulae  for  long  columns.  Putting  I  for  the 
length  and  d  for  the  diameter  of  a  column  ;  show  by  a  sketch  the  relation 

of  the  results  of  applying  the  three  formulas  for  different  values  of  -?  for 
columns  of  the  same  section.     (LC.E.,  Oct.,  1897.) 

•  2.  State  Gordon's  formula  for  the  strength  of  columns,  and  show  how  it 
is  obtained.  Apply  it  to  find  the  breaking  load  for  a  cast-iron  column 
8  inches  external  diameter,  6£  inches  internal  diameter,  and  22  feet  high. 

The  column  has  flat  ends.     Take/=  80,000,  and  a  =  ^, 

(LC.E.,  Feb.,  1898.) 

3.  Prove  Euler's  expression  for  the  limit  of  elastic  stability  of  struts, 
and  explain  in  how  far  you  consider  it  applicable  to  such  columns  and 
other  struts  as  are  commonly  used  in  engineering  structures. 

(I.C.E.,  Feb.,  1898.) 

4.  Prove  that  the  deflection-curve  of  a  slender  elastic  column,  in  the 
incipient  stage  of  buckling,  is  identical  with  the  curve  of  a  flexible  chain 
under  a  load  whose  varying  intensity  at  different  points  is  proportional  to 
the  depth  of  the  chain  below  the  horizontal  chord-tine  joining  the  points  of 
suspension.     (I.C.E.,  Oct.,  1898.) 

5.  What  conclusions  may  be  directly  drawn  from  Euler's  formula,  in 
regard  to  the  relative  strength  of  columns  having  the  same  dimensions  but 
constructed  of  such  different  materials  as  cast  iron,  wrought  iron,  and 
steel  ?  State  generally  what  are  the  conditions  under  which  the  formula 
would  be  nearly  correct,  and  those  under  which  it  would  be  quite  at 
variance  with  experiment.     (I.C.E.,  Oct.,  1898.) 

6.  Describe  carefully  the  way  in  which  a  strut  gives  way  when  exposed 
to  a  gradually  increasing  crushing  load,  considering  especially  the  differ- 
ences due  to  difference  in  the  ratio  of  length  to  diameter.  Write  down 
formulas  for  the  crushing  load,  (a)  for  very  long,  (b)  for  very  short  struts  ; 
also  give  any  formula  in  common  use  for  intermediate  cases.  Explain  the 
effect  of  different  ways  of  fixing  the  ends.     (I.C.E.,  Oct.,  1899.) 

7.  A  hollow  cast-iron  column  is  9  inches  in  external  diameter,  its  length 
is  12  feet,  and  its  two  ends  are  firmly  built  in.  The  compressive  load  it 
supports  is  60  tons.  What  thickness  must  the  metal  be  in  order  to  have 
a  factor  of  safety  of  10  ?    (I.  C.  E. ,  Oct. ,  1901 . ) 

8.  A  solid  cast-iron  column  is  5  inches  in  diameter  and  9  feet  7  inches 
long.  What  total  load  will  it  support  if  the  ends  are  firmly  built  in  and 
the  working  load  is  not  to  exceed  one-ninth  of  the  crushing  load  ? 

(I.C.E.,  Feb.,  1902.) 

9.  Show  how  Rankine's  formula  for  the  breaking  load  of  long  columns  is 
derived,  and  explain  why  a  member  of  constant  cross-section  in  compres- 
sion is  weaker  as  its  length  increases.     (LC.E.,  Feb.,  1903.) 

38 
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Bicycles. 

1.  An  ordinary  bicycle,  with,  say,  OJ-inch  cranks,  and  28-inch  wheels 
geared  to  66  inches,  is  lightly  held  in  an  upright  position,  with  a  crank  in 
its  lowest  position.  A  person  standing  behind  the  machine  pulls  the  crank 
horizontally  towards  himself.  Will  the  bicycle  go  forwards  or  backwards? 
Explain  on  mechanical  principles.     (I.C.E.,  Feb.,  1901.) 

On  Shear  Stresses. 

1.  Define  what  is  meant  by  "  principal  stresses."  If  the  stress  at  a  point 
on  one  plane  is  inclined  at  an  angle  of  60°  to  that  plane,  and  on  a  plane  at 
right  angles  to  the  former  the  stress  in  a  simple  shear  ;  find  the  principal 
stresses  at  the  point  and  their  directions.     (I.C.E.,  Oct.,  1902.) 

Hydraulics.— Miscellaneous. 

1.  Illustrate  by  sketches  the  distribution  of  velocities  and  depths  in  a 
river  flowing  through  a  flat  alluvial  country.     (I.C.E..  Feb.,  1899.) 

2.  A  pipe  of  uniform  diameter  and  internal  condition,  and  1  mile  long, 
crosses  a  valley  from  an  intake,  A,  and  supplies  a  reservoir,  B  having  a 
water-surface  of  108  -  100  feet.  The  pipe  is  kept  constantly  full  at  the 
intake  and  enters  the  reservoir  below  the  water-level.  In  virtue  of  the 
flow  through  the  pipe,  the  water  in  the  reservoir,  B,  was  rising  at  the  rate 
of  I  foot  in  li  hours,  and  had  just  reached  a  level  of  20  feet  below  that  of 
the  intake,  A,  when  a  scour  valve  at  the  £-mile  distance,  and  100  feet 
below  the  intake  level,  was  suddenly  opened  and  allowed  to  discharge 
water  from  the  pijw  at  the  rate  of  4  cubic  foot  per  second.  Neglecting 
as  unimportant  change  of  momentum  of  the  water,  resistances  at  the 
intake,  at  the  opening  to  the  scour  valve,  and  at  the  reservoir,  what 
would  be  the  effect  at  the  reservoir,  stated  in  rate  of  rise  or  fall  per  foot 
per  hour  ?    (1. 0.  E. ,  Feb, ,  1900. ) 

3.  Sketch  a  good  form  of  pilot  valve  to  facilitate  the  opening  of  circular 
screw-down  valves  kept  olosed  under  heavy  water  pressure. 

(I.C.E.,/W>.,190I.) 

4.  Sketch  and  describe  Duckham's  hydraulic  crane  weighing  machine. 

(LC.E.,M,  1901.) 

5.  Describe  the  Davey  differential  valve  gear  as  applied  to  town  water 
supply  pumping  engines.  The  sketches  used  must  be  neatly  and  accurately 
maue  in  fairly  good  proportion,  and  the  action  and  the  characteristic 

.  advantages  of  this  gear  as  compared  with  others  must  be  fully  explained. 

(I.C.E.,  Feb.,  1901.) 

6.  What  circumstances  favour  "stream  line"  and  "eddving"  motion? 
If  you  know  the  velocity  and  pressure  at  one  point  of  the  flow,  what 
considerations  would  enable  you  to  find  their  relative  values  at  another 
point  for  each  kind  of  motion?    (I.C.E.,  Oct.,  1901.) 

7.  Two  chambers  with  vertical  sides,  each  50  square  feet  in  area,  are 
connected  by  moans  of  a  rectangular  sluice  3  feet  by  2  feet  near  the 
bottom.  One  chamber  contains  water  to  a  depth  of  '25  feet  and  the  other  a 
depth  of  10  feet.  If  the  sluice  is  opened,  find  how  long  it  will  be  before 
the  water  is  at  the  same  level  in  the  two  chambers.     (I.O.E.,  Ocl.%  1901.)     ^ 

8.  Describe  the  working  of  a  hydraulic  passenger  lift  when  the 
available  working  pressure  is  small  and   an  intensifier  is  made  use  of. 

(I.C.E.,  Oct.,  1901.) 


9.  Give  a  general  account,  illustrated  by  skc 
tidal  phenomena  in  any  estuary  with  which  you  ar 

10.  Criticise  the  following  statement : — "  JSnginee 
in  attempting  to  utilise  the  energy  at  the  Falls  of 
neglected  the  much  greater  amount  available  at 
velocity  is  as  great  as  19  miles  oer  hour."  Assui 
mean  velocity  at  the  rapids.  Take  the  fall  at  th#  '. 
calculate  the  horse-power  available  at  each  for  a  fl< 
per  second.     (I.C.E.,  Feb.,  1903.) 


Rainfalls  and  Flow  of  Riv<  : 

1.  The  mean  annual  rainfall  upon  a  steep  m< 
covering  impermeable  rocks  is  ascertained  to  be  I 
is  likely  to  be  the  fall  in  the  driest  year  and  the  an  i 
three  consecutive  driest  years!    (b)  What  portion 
two  latter  falls  respectively  would  be  gauged  in  a    I 
flow  from  1,000  acres  of  such  an  area,  and  what 
difference  ?    (c)  What  is  the  least  flow  and  what  i 
second  that  you  would  expect  to  gauge  in  such  a 
why  is  the  maximum  flow  per  1,000  acres  affected  b  ' 
of  the  drainage  area  of  a  stream  ?    (I.C.E.,  Feb.,  19*  I 

2.  (a)  State  the  approximate  relation  between  a  < 
the  surface  of  a  stream  and  its  mean  velocity  whe  . 
1  foot  per  second,  {b)  Would  there  be  any  impor  i 
relation  by  reason  of  the  change  of  velocity  being  fi  i 
minute  instead  of  from  1  foot  to  2  feet  per  secon  I 
difference.     (I.C.E.,  Feb.,  1900.) 

3.  A  river  bed  occurs  in  soft  alluvial  soil,  the 
unprotected  from  erosive  action.      Show  by  skel  t 
relative  velocities  and  directions  of  flow  in  plan   \ 
the  consequent  effect  thereof,  in  the  process  of  tin  i 
bed  of  the  stream.     (1.  C.  £,  Feb. ,  1900. ) 

4.  A  river  flowing  through  an  alluvial  plane,  or  "  i 
either  artificially  or  by  a  growth  of  trees  or  other  v  i 
great  fluctuations  of  discharge,  and  in  time  of  flood  c  i 
matter  (detritus).  Explain  with  sketches: — (a)  W; 
assumes  as  its  path  through  such  a  plane  a  permanen 
line,  (b)  Why  the  outer  Dank  at  a  bend  is  usually 
bank  at  the  same  bend,  (c)  How  the*«  conditions  bt 
growth  of  vegetation,  and  why  in  such  changed  ci 
the  plane  is  often  found  to  be  higher  as  one  approach 

5.  (a)  Explain  why  in  the  process  of  time  the  men 
plane  such  as  that  in  (4)  may  become  practically 
standing  that  the  river  is  untrained  either  artificial 
growth  of  vegetation,  and  that  it  continues  to  flood  tli 
carrying  water,  (b)  If  such  a  river  ceased  to  brinji 
above,  should  you  expect  in  the  process  of  time  to  i 
in  the  alluvial  plane ;  and  if  so,  in  what  manner  ' 
occur,  and  what  ultimate  result  might  be  looked  for  ? 


0U6  I.C.E.   QUESTIONS— MISCELLANEOUS. 


Waves  and  Tides. 

1.  Describe  the  motion  of  the  particles  of  water  in  a  trochoidal  wave. 
Suppose  a  circle  whose  radius  is  O  Q  rolls  along  a  straight  line  Q  R.  Show 
how  to  Hud  a  point  on  the  trochoid  described  by  a  point  P  at  radius  O  P 
Ichs  than  O  Q.     (I. C.  E. ,  Oct. ,  1897.) 

2.  On  what  does  the  velocity  of  propagation  of  waves  depend  ?  What 
wave-pressures  may  be  expected  in  open  situations?    (I.C.E.,  0c*.,  1898.) 

3.  (jive  a  short  explanation,  by  means  of  rough  sketches,  of  the  cause 
of  the  tides.     (I.C.E.,  Oct.,  1898.) 

4.  Give  the  formula  for  the  velocity  of  propagation  of  a  rolling  wave 
in  deep  water.  To  what  depth  does  the  disturbance  caused  by  such  a 
wave  extend !    (I.  C.  E. ,  Feb. ,  1 899. ) 

f>.  Sketch,  in  one  diagram,  the  diurnal  variation  in  the  height  of  a 
spring  and  neap  tide  on  the  west  ooast.  How  is  the  shape  of  the  diagram 
affected  at  a  point  above  a  narrow  neck  in  the  estuary  of  a  river? 

(I.C.E.,  Feb.,  18.9.) 

6.  The  lowest  reach  of  a  canal  of  rectangular  section  has  a  length  of 
10  miles  in  which  the  water  is  held  up  to  a  depth  of  18  feet  tyr  gates 
opening  inwards  at  the  seaward  end.  A  rising  tide  reaches  the  water-level 
of  the  canal  at  noon  on  a  calm  day  and  instantly  opens  the  gates  and 
continues  to  rise,  (a)  At  what  time  will  the  first  indication  of  the  entering 
tide  be  observed  at  the  next  lock  gates  19  miles  distant?  {b)  What  is  the 
nature  of  the  indication  thus  observed  ?  (c)  Is  there  any  relation  between 
the  velocity  at  which  this  indication  is  propagated  and  the  velocity 
acquired  by  the  water  at  any  cross-section  of  the  canal  during  the  filling  of 
the  canal  by  the  rising  tide  ?    (I.C  E.,  Oct.,  1899.) 

7.  Tho  estuary  of  a  river  debouching  upon  a  soft  sandy  foreshore  con- 
sists wholly  of  sand  and  mud,  and  its  axis  at  high  water  has  a  curvature  of 
20  niiks  radius  and  a  length  of  20  miles  within  tidal  limits  ;  its  width  at 
the  narrow  part  of  a  trumpet-shaped  mouth  is  1  mile  at  high  water,  and  at 
equal  distances  inland  therefrom  it  is  1£,  2,  If,  J,  ^,  and  at  the  tidal 
limit  ,V  °f  a  n»te  respectively.  The  vertical  range  of  a  spring  tide  at  Ih© 
mouth  is  25  feet,  (a)  Sketch  a  plan  of  such  an  estuary  indicating  probable 
low-water  limits,  (b)  Sketch  (to  a  much  exaggerated  vertical  scale)  a 
longitudinal  section  and,  at  the  If  mile  width,  a  cross-section,  showing  the 
profiles  of  a  spring  tide  at  the  time  when  high  water  and  low  water 
respectively  occur  at  the  mouth  of  the  estuary,  (c)  Sketch  to  an  enlarged 
scale  part  of  the  1J  mile  section,  including  the  portion  occupied  by  water 
at  low  tide.     (I.  C.  E. ,  Oct. ,  1899. ) 

8.  What  is  meant  by  "spring"  and  "neap"  tides?  Give  an  account 
of  the  variation  in  the  range  of  the  tides  from  day  to  day  at  any  port  you 
are  acquainted  with.     (I.  C.  E. ,  Oct. ,  1901 . ) 

9.  Taking  for  a  line  of  reference  the  mean  tide  level  at  a  port  at  which 
there  is  a  considerable  range  of  tide,  sketch  a  diagram  showing  the  hourly 
variation  in  level  of  a  spring  tide  and  a  neap  tide  during  24  hours, 
dimensioning  approximately  the  range  in  each  case  above  and  below  the 
reference  line.     (I.  C.  E. ,  Fek ,  1 90*2. ) 

10.  Illustrate  by  sketches  the  paths  of  the  water  particles  in  the  shallow 
and  deep  water  waves  and  in  waves  breaking  on  a  shelving  beach.  What 
influence  has  the  depth  of  the  bottom  upon  the  velocities  of  waves  of 
different  lengths?    (I.C.E.,  Oct.,  1902.) 


11.  Give  some  account  of  the  wave-pressures  that  may  be  expected  m 
open  situations  under  different  circumstances.  Find,  in  miles  per  hour, 
the  velocity  of  propagation  of  a  deep-sea  wave  100  feet  long. 

(I.CE.,fe&.,  1903.) 

Miscellaneous  Questions. 

1.  Explain  the  law  of  conservation  of  energy.  A  high-class  engine  is 
employed  to  light  electric  lamps  by  means  of  a  dynamo.  Discuss  the  losses 
of  effective  energy,  giving  roughly  their  percentage  values,  in  the  various 
transformations  from  the  furnace  to  the  lamps.     (LC.E.,  Oct.,  1900.) 

2.  Two  elastic  spheres  whose  coefficient  of  elasticity  is  e,  of  masses  mi 
and  m^,  move  in  opposite  directions  with  velocities  t't  and  va.  Find  an 
expression  for  their  velocities  after  direct  impact.     (I.C.E.,  Oct.,  1901.) 

3.  A  figure  is  made  up  of  a  square  and  an  isosceles  triangle  on  opposite 
sides  of  the  same  base.  Find  the  relation  between  the  altitude  and  base  of 
the  triangle  in  order  that  the  centre  of  gravity  of  the  whole  figure  may  lie 
in  the  common  base.     (LC.E.,  Feb.,  1902.) 
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littery  of  the  Oss  BoffW-Cbamical  Cosmoaitioa  of  Gat  in  Qes  FaghiM    Uriasifine  af 
Meat— KxBtaeio*  and  CaatbostioB.     Oil  ftotOK :— History  and  Da*aloBBUB*~VarlaBs 
Types    Pneatmaa's  and  other  CHI  Engines.    Hot-Alr  Engmm :— History  and  Dnnlai 
■at    Various  Types:  Stirling's,  Ericsson's,  Ac,  ftc 

"Taa  aasT  too*  now  published  on  Gas.  Oil,  and  Air  Engines.  .  .  .  Will  Vs  of 
Vfjftv  obbat  tNTaassr  to  taa  a«neroua  practical  engineers  who  hava  to  snake  thsaioalvni 
awnHisr  with  the  motor  of  the  day.  ...  Mr.  Doaksa  has  taa  advantage  af  umss 
bbactical  bxysbibmcb,  combined  with  mem  scikntwic  amo  BxrnainuurTAi.  knowlsbmb* 
aad  an  aoeasata  perception  of  the  laqaiiasaaats  of  Enfineer*."— 7M*  /•-- ■*— — 

MWe  mbajitilt  aacoMMBND  Mr.  DonJsn's  waikT    ...    A 
lahaar.   .   .   .    IsiiaJnans  aad  onanpreheeB<Te.w— y#aw»W  t/Gms  Lighting, 

"  A  ittorssgnly  bkliablb  aad  exhaustive  Tn*t\m.H—£*gi***rimg. 


In  Quarto,  Handsome  Cloth.    With  Numerous  Plates.    25s. 

THE  HEAT  EFFICIENCY  OF  STEAM  BOILERS 

(LAND,   MARINE,   AND   LOCOMOTIVE). 

With  many  Tests  and  Experiments  on  different  Types  of 

Boilers,  as  to  the  Heating  Value  of  Fuels,  Ac*,  with 

Analyses  of  Gases  and  Amount  of  Evaporation, 

and  Suggestions  for  the  Testing  of  Boilers. 

By    BRYAN    DONKIN,    M.Inst.C.E. 

General  Contents. — Classification  of  different  Types  of  Boilers — 
425  Experiments  on  English  and  Foreign  Boilers  with  their  Heat  Efficiencies 
shown  in  Fifty  Tables— Fire  Grates  of  various  Types — Mechanical  Stokers- 
Combustion  of  Fuel  in  Boilers — Transmission  of  Heat  through  Boiler  Plates, 
and  their  Temperature — Feed  Water  Heaters,  Superheaters,  Feed  Pumps, 
4c— Smoke  and  its  Prevention — Instruments  used  in  Testing  Boilers — 
Marine  and  Locomotive  Boilers — Fuel  Testing  Stations — Discussion  of  the 
Trials  and  Conclusions — On  the  Choice  of  a  Boiler,  and  Testing  of  Land, 
Marine,  and  Locomotive  Boilers — Appendices — Bibliography — Index. 

With  Plates  illustrating  Progress  made  during  recent  years, 
and  the  best  Modem  Practice, 

"A  won*  o»  beibbbbcb  as  raaaxwr  dbiqub.  Will  give  an  answer  to  alsnost  any 
qptstton  connected  with  the  performance  of  boilers  that  it  &  possible  to  ask."— Jwwiiiw. 

"Probably  the  host  bxbaustivb  rtsvntf  that  has  ever  been  collected.  A  rtucnoAt 
Book  by  a  thoroughly  practical  man."— Iron  and  Coal  Tradu  ReeUw. 

tONDON:  CHARLES  GRIFFIN  ft  CO..  LIMITED.  EXETER  8TREET,  8TRAND. 


ENGINEERING  AND  UEOBANIGE.  *9 

tar***    r*tkHMM%  UrnAtr,  lia  a*;  «i»  LmrfrMmM 
0Jfc4  V*y  CIHK  Us.  ** 

Boilers,  Marine  and  Land: 

THEIR  CONSTRUCTION  AND  STRENGTH. 

A  Hahdbook  of  Bulbs,  Formulae,  Tables,  &o.,  biutiti  to  MArauAi* 

Soahtunos,  akd  Pressures,  Safety  Valyes,  Springs, 

FlTl— IGS  AND  MOUNTINGS,  &0L 

FOR  THE  USB  OF  ENGINEERS,  SURVEYORS,  BOILER -MAKERS, 
AND  STEAM  USERS. 

By  T.  W.  TRAILL,  M.Ihbt.O.E.,  F.KRN, 

Late  Engineer  Survejor-in-Chief  to  the  Board  of  Trad*. 

*#*  To  the  Second  and  Third  Editions  many  New  Tables  for  Pressure, 
np  to  200  Lbs.  per  Square  Inch  have  been  added. 

"Tsb  If 00!  valuable  WOKS  on  Boilers  published  in  England."— Skipping  World. 

Contains  an  Bnosjious  Qdaktitt  of  Ixvosjcatiox  amassed  In  a  v*ry  conTanicni  form.    .    . 
JLEOMunvuLTOLUHB   .    .    .    supplying  information  to  be  bad  nowhere  else."— 2nk«  J 


Third  Impression.     Large  Grown  8to.    With  numerous  Illustrations.    6s. 

ENGINE-ROOM    PRACTICE! 

A  Handbook  for  Engineers  and  Officers  in  the  Royal  Navy 

and  Mercantile  Marine,  Including  the  Management 

of  the  Main  and  Auxiliary  Engines  on 

Board  Ship. 

By    JOHN    G.    LIVERSIDGE, 

Engineer,  &.N.,  A.M.I.C.E.,  Instructor  in  Applied  Mechanics  at  the  Royal  Naval 
College,  Greenwich. 

Oowfcaii.- General  Description  of  Marine  Machinery.— The  Conditions  of  Ssrvlse  and 
Duties  of  Engineers  of  the  Royal  Navy.— Entry  and  Conditions  of  Service  of  Engineers  of 
She  Lsading  S.S.  Companies.— Baisini  Steam  — Duties  of  a  Steaming  Watch  on  Engines 
end  Bolters.— 8 hatting  off  Steam.— Harbour  Duties  and  Watches — Adjustments  and 
Repairs  of  Engines,— Preservation  and  1  epairs  of  "Tank"  Boilers.— The  Hull  and  its 
Fittings.— Oleanlngand  Painting  Machinery  — Reciprocating  Pumps,  Feed  Heaters,  and 
Automatio  Feed  -water  Regulators.  —  Evaporators  —  Steam  Boats.  —  Electric  Light 
Machinery.— Hydrastis  Machinery.— Ah>Comprsssing  Pumps.— Refrigerating  Machines. 
—Machinery  of  Destroyers.— The  Management  of  Water-Tabs  Boilers.— Regulations  for 
Ibtry  of  Assistant  Engineers,  R.N.— Questions  given  In  Examinations  for  Promotion  of 
""    lasers,  B.N.— Regulations  respecting  Board  of  Trade  Examinations  for  Engineers,  fto. 

"The  contents  OAJnror  van.  10  ss  AmsciATBD."— fh*  BUmmMp. 
'This  vest  nsarcL  book.    .    .    .    iixurraatioirs  are  of  obbat  impoevascs  in  a  work 
*f  this  kind,  and  it  is  satisfactory  to  find  that  snoax  attbhtiqsi  has  been  gives  m  mis 
^^    "  Outtti  _____ 


In  Grown  8vot  extra,  wiih  Ntmtrtmt  lUudrution*.     [Aftsrty, 

GAS   AND   OIL    ENGINES: 

An  Introductory  Text-Book  on  the  Theory,  Design,  Constratitn, 
and  Testing  of  Internal  Combustion  Engines  without  Boiler. 

FOB  THE  USX  07  STUDENTS. 

By  Prof.  W.  H.  WATKINSON,  Whit.  Sch.,  M.lNSTJtoaHjl, 

Glasgow  and  West  of  Scotland  Teohnioal  CoUsga. 

ISBDON:  0SAILE8  GRIFFIN  *  Ca,  LIMITED,  EXETEH  8TKET,  8TIUD. 


Sboofd  Edition,  ReTiaed.     With  nunerous  Plate*  reduced  fros* 
Working  Drawings  and  280  Illustrations  in  the  Text.     21a. 

A     MANUAL     OF 

LOCOMOTIVE    ENGINEERINGS 

A  Practical  Text-Book  for  the  Use  of  Engine  Builders, 

Designers  and  Draughtsmen,  Railway 

Engineers,  and  Students. 

BT 

WILLIAM  FRANK  PETTTGREW,  M.Inst.GE. 

With  a  Section  on  American  and  Continental  Engines* 

By  ALBERT  P.   RAVENSHEAR,  B.Sc, 

01  Hit  Majesty's  Patent  Office. 

CtmtmU.  —  Hlstorioel  Introduction,  1768-1863.  —  Modem  Locomotives:  Simple.— 
Modem  Locomotives:  Compound.-  Primary  Consideration  In  Locomotive  Design.— 
Cylinders,  Steam  Chests,  end  Stuffing^  Boxes.— Pistons,  Piston  Rods,  Croesheada  and 
Slide  Bars.— Connecting  and  Coupling  Hods.— Woeels  end  Axles,  Axle  Boxes,  Hornbloefc* 
and  Bearing  Springs.— Balancing.— valve  Gear.— Slide  Valves  end  Velve  Gear  Details*— 
Framing,  Bogles  end  Axle  Trucks,  Radial  Axle  Boxes.— Boilers.— Smokebox,  Blast  Ptna, 
Firebox  Fittings.— Boiler  Mountings.— Tenders.-  Hallway  Brakes.—  Lubrication.— Oin- 
snmption  of  Fuel,  Evaporation  ana  Engine  J-  fflclency.— American  Locomotlvee  -  ' 


ttnentel  LooomotlTes.— Bepatrs,  Bunning,  Inspection,  and  Renewals.— Three  Appendices. 

~  "IJkaly  to  remain  for  many  years  the  Stabbakd  Woax  for  those  wishing  to  ken 
Design.  "•*•£ ngimttr. 

"A  most  Interesting  end  Tslnsble  addition  to  the  bibliography  of  the  Locomotive."* 
Bmllva*  Official  Gaittt* 

**  we  reoommend  the  book  as  TBOSorc.HLT  nucncAL  In  its  character,  and  Mxarrnra  a 
rLAOjx  Airr  oollbctiom  of   .    .    .    works  on  LocomotiTe  Engineering."— Railway  Mam*. 

"The  work  costaus  all  that  oak  bs  lsaent  from  a  book  upon  snch  a  subject.  It 
will  at  once  rank  as  thb  sTAin>AaD  work  rrox  tbis  important  subjbct.*,<- Railway  Maaastmt, 


In  Large  &vo.    Handsome  Cloth.     With  Plate*  and  Illustrations.    16*. 

LIGHT       RAILWAYS 

AT  HOME  AND  ABROAD. 
By  WILLIAM  HENRY  COLE,  M.Inst.O.R, 

Late  Deputy-Manager,  North- Western  Railway,  India. 
Contents.—  Discussion  of  the  Term  "Light  Railways."— English  Railways, 
Rates,  and  Farmers.  —  Li^ht  Railways  m  Belgium,  France,  Italy,  other 
European  Countries,  America  and  the  Colonies,  India,  Ireland.— Road  Trans- 
port as  an  alternative,— The  Light  Railways  Act,  1896.  —The  Question  of 
Gauge.— Construction  and  Working.— Locomotives  and  Rolling-Stock. — Light 
Railways  in  England,  Scotland,  and  Wales.— Appendices  and  index. 

"  Mr.  W.  H.  Cole  has  brought  together  ...  a  lamb  amouvt  of  valcablb  uvoama- 
HOST    .    .    .    hitherto  practically  Inaccessible  to  the  ordinary  reader.*'— Tim**, 

"  Will  remain,  for  some  time  yet  a  Stahdabd  Wobk  in  everything  relating  to  light 
maaways,'— Jhviewr. 

**  Ine  author  has  extended  practical  experienoe  that  makes  the  book  lucid  and  usefaL 
It  Is  azoaaDmoLT  well  dona  "—Rnginttring. 

"The  whole  subject  is  exhaustively  and  practically  considered.  The  work  can  be 
eordially  recommended  as  nrrurKNSABLB  to  those  whose  duty  it  is  to  become  acquainted 
with  one  of  the  prime  necessities  of  the  immediate  future.  "—Railway  Official  Gamttt. 

"Thkbb  cooxd  bb  ho  bsttkji  book  of  first  referenoe  on  its  subject.    AH    * 
a  will  weloome  1U  appearance.''— aegfrmaa. 


I0ND0N:  CHARLE8  GRIFFIN  A  CO.,  UNITED,  EXETER  8TREET,  STRAND. 


Tbibd  Edition,  Revised  and  Enlarged.      With  Numerous 
Illustrations.     Price  8s.  6<L 

VALVES  AND  VALVE-GEARING: 

INCLUDING   THE   CORLISS   VALVE  AND 
TRIP  GEARS. 

BY 

CHARLES    HURST,   Practical  Draughtsman. 

"Ooaciu  explanations  illustrated  by  115  tist  clear  diagrams  and  drawings  and  4  folding* 
.    .    the  book  fulfils  a  valuabls  function."— Athenamm. 
.  Huest'i  valves  and  VALvs-eRARiifO  will  prove  a  rerj  raluable  aid,  and  tend  to  the- 
___m  of  Engines  of  scieewio  design  and  bcohomical  workixo.   .     .     .    Will  be  largeljr 
t  after  by  Students  and  Designers. "—MaHme  Engineer. 

*  Useful  and  thoroughly  practical.  Will  undoubtedly  be  found  of  grrat  value  to 
•U  concerned  with  the  design  of  Valve-gearing/'— Mechanical  World. 

**  Almost  rvrrt  ttpb  of  valvr  and  its  gearing  is  clearly  set  forth,  and  illustrated  bv 
sneh  a  way  as  to  be  readilt  understood  and  practioallt  applied  by  either  the  Engineer, 
Draughtsman,  or  8tudent  .  .  .  Should  prove  both  useful  and  valuabls  to  all  Engineers 
seeking  for  rruablr  and  clear  Information  on  the  subject.  Its  moderate  price  bring!  It 
within  the  reach  of  all"— Industries  and  Iron. 

**  Mr.  Huarr's  work  is  admirably  suited  to  the  needs  of  the  practical  mechanic  .  .  . 
It  Is  free  from  any  elaborate  theoretical  discussions,  snd  the  explanations  of  the  various) 
types  of  valve-gear  are  accompanied  by  diagrams  which  render  them  easily  uhdsisiooCx*' 
— 3TW  Scientific  American. 


on  8team  Engine  Design  and  Construction.  By  Charles 
Hurst,  "Author  of  Valves  and  Valve  Gearing."  In  Paper  Boards, 
8vo.,  Cloth  Back.     Illustrated.     Price  Is.  6d.  net. 

Contests.— L  Steam  Pipes.— II.  Valves.— III.  Cylinders. —IV.  Air  Pumps  and  Con- 
densers.—V.  Motion  Work.— VI.  Crank  Shafts  and  Pedestals.— V1X  Valve  Gear.-VlII. 
Lubrication.— IX.  Miscellaneous  Details  —  Irdex. 

"A  handy  volume  which  every  practical  young  engineer  should  possess."— The  Model 
Engineer. 

JUST  OUT.    Strongly  Bound  in  Super  Royal  8vo.     Cloth  Boards. 


For  Calculating  Wages  on  the  Bonus  or  Premium  Systems*. 

For  Engineering,  Technical  and  Allied  Trades. 
By   HENRY   A.    GOLDING,    A.M.Inst.M.E., 

Technical  Assistant  to  Messrs.  Bryan  Doukin  and  Clench,  Ltd.,  and  Assistant  Lecturer 
in  Mechanical  Engineering  at  the  Northampton  Institute,  London,  F.C. 

44 The  adoption  of  this  system  for  the  payment  of  workmen  has  created  a  demand  for 
some  handy  table  or  series  of  tables,  by  means  of  which  the  wages  may  be  easily  found 
without  the  necessity  of  any  calculations  whatever.  With  the  object  of  supplying  this 
need,  the  author  has  complied  the  following  tables,  which  have  been  in  practical  use- 
for  some  time  past  at  a  large  engineering  works  in  London,  and  have  been  found  of 
inestimable  value.  Not  only  are  they  of  great  value  as  a  'time  saving  appliance/  the 
computation  of  the  bonus  or  premiums  earned  by  a  number  of  man  taking  only  one-tenth 
the  time  by  the  aid  of  these  tables  compared  with  ordinary  calculation,  but  they  possess  the* 
additional  advantage  of  being  less  liable  to  error,  as  there  is  practically  no  possibility  of  a 
mistake  occurring.  • —Extract  from  Preface. 

LONDON:  CHARLE8  GRIFFIN  A  CO.,  LIMITED,  EXETER  8TREET,  8TRAN& 


Lug*  9ro,  Handaoma  Cloth.     With  IltetratioiM,  ImbLaa,  fcx    Us. 

Lubrication  &  Lubricants: 

A   TREATISE   ON   THE 
THEORY  AND  PRACTICE  OF  LUBRICATION 

AND  ON  THB 

NATURE.   PROPERTIES,   AND  TESTING  OF  LUBRICANTS. 

By  LEONARD  ARCHBUTT,  P.I.O.,  F.O.S., 

Chemist  to  tht  Midland  Railway  Oonpany, 
AND 

R.   MOUNTFORD   DBELEY,   M.I.M.R,   F.G.&, 

Midland  Hallway  Locomotive  Works'  Meaaaer,  Derby. 

tOHTMTB.— L  Friction  of  Solid*.— II.  liquid  Friction  or  Viscosity,  and  FlaaUe 
Motion.—  III.  Superficial  Tension.— IV.  The  Theory  of  Lubrication.— V.  Lnhrknmto, 
their  Sources,  Preparation,  and  Properties.— VI.  Physical  Properties  and  Methods  of 
Btamtnation  of  Lubricants.— VII.  Chemical  Properties  and  Methods  of  Examination 
of  Lubricants.— VIIL  The  Systematic  Testing  of  Lubricants  by  Physical  and  Chemical 
Methods.— IX.  The  Mechanical  Testing  of  Lubricants.— X.  The  Deafen  and  Laatlcation 
■of  Bearings.— XI.  The  Lubrication  of  Machinery.— IVDBZ. 

11  Destined  to  become  a  classic  on  the  subject."— Industrie*  emd  Iron. 

"  Contains  practically  all  that  is  kxowv  on  the  subject     Deserves  the  < 
Attention  of  all  Engineer*."— Railway  Official  Guide. 


Fourth  Edition.     VtryfvUy  Itturtrated.    Otoe%  it.  6VC 

STEAM  ~  BOILERS: 

THKER    DEFECTS,    MANAGEMENT,    AND    OONSTBTJOTICW. 

Bt   r    d.    MTJNRO, 

Chief  Engineer  of  the  Scottish  Boiler  Ineuromce  emd  Engine  Inspection  Compomy. 

Gskikal  Contents.— I.  Explosions  caused  (x)  by  Overheating  of  Plates— (e>  By 
•Defective  and  Overloaded  Safety  Valves— (3)  By  Corrosion,  Internal  or  External— (4)  By 
Defective  Design  and  Construction  (Unsupported  Flue  Tubes;  Unatrengthened  Manholes  ; 
Defective  Staying ;  Strength  of  Ri vetted  Joints ;  Factor  of  Safety)— II.  Cowstbuction  or 
Vertical  Boilers:  Shells— Crown  Plates  and  Uptake  Tubes — Man-Holes,  Mud-Holes, 
emd  Fire-Holes  — Fu-eboxes  —  Mounungs  — Management  — Cleaning —Table  of  Burning 
"  Pressures  of  Steel  Boilers— Table  of  Rivetted  Joints — Spectncatums  and  TAmwinfpi  off 
Lancashire  Boiler  for  Working  Pressures  (a)  80  lbs. ;  (6)  200  lbs.  per  square  inch  respectively. 


"  A  valuable  companion  for  workmen  and  engineers  engaged  about  Steam  Boilers,  ought 
to  be  carefully  studied,  and  always  at  hand."—  Ceii.  Guardian* 

"The  book  is  very  useful,  especially  to  steam  users,  artisans,  amTyoung 
Snginttr. 


BT  TUB  tAafE  AUTHOft. 

KITCHEN    BOILER    EXPLOSIONS:    Why 

they  Occur,  and  How  to  Prevent  their  Occurrence.  A  Practical  Hand- 
bode  based  on  Actual  Experiment.  With  Diagram  and  Coloured  Plate. 
Price  3s. 

UHHWN:  CHARLES  BRIFFIN  ft  CO.,  LIMITED,  EXETER  STREET,  ST1M0. 


Just  Out.     In  Crmrni  8w,  Handsomt  Cloth.      With  Numerous 
Illustrations.     5*.  net. 

EMERY  GRINDING  MACHINERY. 

A  Text-Book  of  Workshop  Practice  in  General  Tool  Grinding, 

and  the  Design,  Construction,  and  Applieation 

of  the  Machines  Employed. 

FY 

R.  B.  HODGSON,  A.M.Inst.Mech.E., 

Author  of  "  Machines  and  Tools  Employed  in  the  Working  of  Sheet  Metals." 

Introduction. — Tool  Grinding. — Emery  Wheels.— Mounting  Emery  Wheels. 
— Emery  Rings  and  Cylinders.  —  Conditions  to  Ensure  Efficient  Working.— 
Leading  Types  of  Machines.— Concave  and  Convex  Grinding. — Cup  and  Cone 
Machines.  —  Multiple  Grinding.  —  "  Guest "  Universal  and  Cutter  Grinding 
Machines. —Ward  Universal  Cutter  Grinder.  —  Press. —Tool  Grinding.  —  Lathe 
Centre  Grinder.— Polishing.— Index. 

"Deals  practically  with  every  phase  of  his  subject." — Ironmonger. 


Fifth  Edition.    Folio,  strongly  half-bound,  21/. 

TRAVERSE  TABLES: 

Computed  to  Four  Places  of  Decimals  for  every  Minute 
of  Angle  up  to  100  of  Distance. 

For  the  use  of  Surveyors  and  Engineers. 

BY 

RICHARD  LLOYD   GURDEN, 

Authorised  Surveyor  for  the  (aronunentt  of  New  South  Wales  and 
Victoria. 

•##  /WdtoUrf  wkm  tfu  Commrrmet  tf  th*  Smmyors-Gmund  for  Ntm  Sou/k 
WtUm  mod Vktorim. 

"Tneee  who  have  esBerieaee m eaeet  Scavwr-woax  will  best  know  how  to  appreciate, 
the  enormous  amount  of  labour  represented  by  this  valuable  book.  The  computations 
enable  the  user  to  ascertain  the  awe*  and  cosines  for  a  distance  of  twelve  miles  to  withia 
balf  an  inch,  and  this  by  axraasMca  to  but  Okb  Tablb,  in  place  of  the  usual  Fifteen 
minute  computations  require*.  Tale  alone  k  evidence  of  the  assistaace  which  the  Tables 
ensure  to  every  user,  and  as  every  Surveyor  in  active  practice  hat  felt  the  want  of  suck 
atriatanre   raw   kmowimo    or    thui    publication  will  rbmaim   without  them. 


LONDON:  CHARLES  GRIFFIN  4  CO.,  LIMITED,  EXETER  STREET,  8TRAND. 


WORKS    BY 
ANDREW  JAMIESON,  M.INST.CK,  M.I.E.E,  F.R.&E, 

I  E»£in*erimg%  The 
Technical  College, 


Formerly  Professor  0/  Electrical  Engineering^  The  Glasgow  and  West  afScatiena 
-Kknicai  Coll 


FB0FE880R  JAMIESON'B  ADVANCED  TEXT-BOOKS. 

In  Large  Crown  Hvc.    Fully  lUustrateeU 

STEAM  AND  STEAM-ENGINES   (A  Text-Book  on). 

For  the  Use  of  Students  preparing  for  Competitive  Examinations. 
With  600  pp.,  over  aoo  Illustrations,  6  Folding  Plates,  and  numerous 
Examination  Papers.    Thirteenth  Edition,  Revised.    8/6. 

"Professor  Janueson  lasnnatas  the  reader  by  hi*  clsabmbss  of  concbpttoh  ahi> 
stMrucrrv  or  axranasioM.     His  treatment  recalls  the  lecturing  of  Faraday."— Aihenmmm. 

M  The  BasT  Book  vet  publiahed  for  the  use  of  Students.  "—Engineer. 

MAGNETISM  AND  ELECTRICITY  (An  Advanced  Text- 
Book  on).  For  Advanced  and  "  Honours  "  Students.  By  Prof.  Jamieson, 
assisted  by  David  Robertson,  B.Sc,  Professor  of  Electrical  Engineering  in 
the  Merchant  Venturers'  Technical  College,  Bristol.  \Skortly. 

APPLIED  MECHANICS  (An  Advanced  Text-Book  on). 

VoL  I. — Comprising  Part  I. :  The  Principle  of  Work  and  its  applica- 
tions; Part  II.:  Gearing.   Price  7s.  6d.     Third  Edition. 

"Fully  maintains  the  reputation  of  the  Author."— Prmet.  Bnemeer. 

Vol.  II.— Comprising  Parts  III.  to  VI. :  Motion  and  Energy;  Graphic 
Statics;  Strength  of  Materials;  Hydraulics  and  Hydraulic  Machinery. 
Second  Edition.    8s.  6d. 

••  Will  and  lucidly  written."— The  Engineer. 

V  Each  of  the  above  volume*  is  complete  in  itself t  and  told  separately. 

PROFESSOR  JAMIESON'S  INTRODUCTORY  MANUALS. 

Crown  %vo.     With  WustratUm  and  Examination  Paptrs. 

STEAM    AND    THE    STEAM-ENGINE   (Elementary 

Manual  of).    For  First- Year  Students.    Ninth  Edition,  Revised.    3/6. 
"  Should  be  in  the  hands  of  evbky  engineering  apprentice."— Practical  Engineer- 

MAGNETISM  AND  ELECTRICITY  (Elementary  Manual 

of).    For  First- Year  Students.    Fifth  Edition.    3/6. 
**  Acantal  text-book  .  .  .  The  diagrams  are  an  important  lt*Xvxef— Schoolmaster. 
"A  tho*oughly  TRUSTWORTHY  Text-book.    Practical and  dear."— Nature. 

APPLIED    MECHANICS    (Elementary   Manual   of). 

Specially    arranged    for    First- Year    Students.         Fifth    Edition. 
Revised.     3/6. 
"The  work  has  vnv  high  quautbs,  which  may  be  condensed  into  the  one  weed 
•  clear.'  "Science  and  A  rt.  

In  Preparation.     300  pages.     Crown  &vo.    Profusely  Illustrated. 

Modern  Electric  Tramway  Traction: 

A  Text-Book  of  Present-Day  Practice. 

For  the  Use  of  Electrical  Engineering  Students  and  those  interested  in  Electric 

Transmission  of  Power. 

By  Prof.  ANDREW   JAMIESON. 


A  POCKET-BOOK  of  ELECTRICAL  RULES  and  TABLES. 

For  the  Use  of  Electricians  and  Engineers.      Pocket  Sire.     Leather, 
8s.  6d.    Sixteenth  Edition.  [See  p.  49. 

LOUDON :  CHARLES  GRIFFIN  A  CO.,  LIMITED,  EXETER  STREET,  STRAND. 


WORKS     BY 

f.  J.  MAGQUORN  RANKINE,  LL.D.,  F.R.S., 

Lat§  fUqlu*  Profmor  of  doll  Engftwring  In  th§  UnlotnKy  of  Qiasgom. 
THOROUGHLY  BKVI8KD  BY 

W.     J.     MIL  LAB,     O.E., 

Uto  Moorttarn  to  tho  Instttuto  of  Engtn—n  and  8klnbuildon  In  Section*. 


A  MANUAL  OF  APPLIED  MECHANICS : 

Comprising  the  Principles  of  Statios  and  Cinematics,  and  Theory  of 
Structures,  Mechanism,  and  Machines.  With  Numerous  Diagrams. 
Crown  8vo,  cloth.    Sixteenth  Edition.    12b.  6d. 


A  MANUAL  OF  CIVIL  ENGINEERING: 

Comprising  Engineering  Surveys,  Earthwork,  Foundations,  Masonry,  Car- 
pentry, Metal  Work,  Roads,  Railways,  Canals,  Rivers,  Waterworks, 
Harbours,  Ac.  With  Numerous  Tables  and  Illustrations.  Crown  8vo. 
cloth.    Twenty-First  Edition,    16s. 


A  MANUAL  OF  MACHINERY  AND  MILLWORK : 

Comprising  the  Geometry,  Motions,  Work,  Strength,  Construction,  and 
Objects  of  Machines,  4c  Illustrated  with  nearly  800  Woodcuts, 
Crown  8vo,  oloth.    Seventh  Edition.    12s.  6d. 


A  MANUAL  OF  THE  STEAM-ENGINE  AND  OTHER 
PRIME  MOVERS: 

With  a  Section  on  Gab,  Oil,  and  Arrf  Engines,  by  Bryan  Dobkin, 
M.IostC.E.  With  Folding  Plates  and  Numerous  Illustrations. 
Crown  8yo,  oloth.    Fifteenth  EiAtio*.    13s.  6d. 

tONDON:  CHARLES  GRIFFIN  «  CO.,  LIMITED,  EXETER  8TREET,  8TRANDI 


Pior.  Raitkjnb's  Worn-  {Cmuhms*). 

USEFUL  RULES  AND  TABLES: 

for  Architects,  Builders,  Engineers,  Founder*,  Mechanics,  Shipbuilders, 
Surveyors,  <fcc    With  Appendix  for  the  nee  of  Electrical  Biran 
By  Professor  Jamiesoh,  F.U.S.E.    Ssykxth  Edition.    10s.  6dL 


A  MECHANICAL  TEXT-BOOK: 

A  Practical  end  8imple  Introduction  to  the  Stady  of  Mechanics.  By 
Professor  Rakkine  and  E.  F.  Bastbkr,  C.E.  With  Numerous  HUmv 
tration*.    Crown  8ro,  cloth.    Fifth  Ei>rnoir.    9s. 

V  T*  NMiauinaAL  Tot-Boo**'  mm 

•eonon  <•  Ms  stott  Arsi  •/  Mmual*. 


MISCELLANEOUS  SCIENTIFIC  PAPERS. 

Royal  8to.     Cloth,  31s.  6d. 


Part  L  Papers  relating  to  Temperature,  Elasticity,  and  EzpaassBti  of 
Vapours,  Liquids,  sad  Solids.  Part  II.  Papers  on  Energy  and  its  Tfcana- 
fonnations.    Part  III.  Papers  on  Wave-Forsas,  Propulsion  of  Vessels,  6a 

With  Memoir  by  Professor  Tait,  M.A.  Edited  by  W.  J.  Millab,  O.S» 
With  fine  Portrait  on  Steel,  Plates,  and  Diagrams. 

"  No  more  enduring  Memorial  of  Professor  Rankinc_coald  be  devised1  than  the  | 
*  them  papers  ia  an  accessible  form.    .  _  ..     .       . 

of  the  nature  of  his  discoveries,  and 
.    _    The  Vaksne  sxc 
m  oar  tamt.n—Arckifct. 


tton  of  thne  papers  in  an  ■  rr  sssihle  form.    .    .    .    The  Collection  is  most  valuable  em 
\  of  the  nature  of  his  discoveries,  and  the  beauty  ami  comnlettness  of  sis  analysnv 
The  Volume  exceeds  m  ianwimos  any  work  m  the  same  department  semVaami 


SHELTON-BEY  (W.  Vincent,  Foreman  to  the 

Imperial  Ottoman  Gun  Factories,  Constantinople) : 

THE  MECHANICS   GUIDE:  A  Hand-Book  for  Engineers  and 
Artisan*.    With  Copioms  Tables  and  VslmtUe  Itedpcs  for  Pimttkal  Usm 

Illustrated.    Stetnd  EJitUm.    Crown  fro.    Cloth,  7/6. 

UNDON :  CHARLE8  S81FFIN  4  Cft.  LIMITED,  EXETER  STREET,  8TRAMI 


ENGINEERING  AND  MECHANICS.  3* 

8B00XD  EDITION,  Revised  and  Enlarged. 
In  Large  Svo,  Handsome  cloth*  $4*. 

HYDRAULIC  POWER 

AND 

HYDRAULIC   MACHINERY. 

BY 

HENRY    ROBINSON,    M.   Inst.  CE,  F.&&. 

nuow  of  king's  collbgk,  lomdok  ;  raor.  or  civil  hnginkejung, 
king's  college,  etc.,  etc 

VHitb  numerous  TOooftcut*  atU>  Siit^ntnc  plate* 

f '  A  Book  of  great  Pi  ufcMii.niri  UhMimi."-  frm. 


In  Large  8tx>,  Handsome  Cloth.     With  Frontispiece,  several  Plates, 
and  over  250  Illustrations.    21  #* 

THE  PRINCIPLES  ADD  CONSTRUCTION  OF 

PUMPING  MACHINERY 

(STEAM  AND  WATER  PRESSURE). 

With  Practical  Illustrations  of  Es  ginks  and  Pumps  applied  to  Momo* 

Towir  Wateb  Supply,  Drainage  of  Lands,  Ac,  also  Economy 

and  Efficiency  Trials  of  Pumping  Machinery. 

By    HENRY    DAVEY, 

Member  of  the  Institution  of  Civil  Engineers*,  Member  of  the  Institution  of 
Mechanical  Engineer!,  F.Q.8.,  Ac. 

Contents  —Early  History  of  Pumping  Engines— Steam  Pumping  Engines— 
Pomps  and  Pnmp  Valves — General  Principles  of  Non-Rotative  Pumping 
Engines— The  Carmen  Engine,  Simple  ana  Compound— Types  of  Mining; 
Engines— Pit  Work— Shaft  Sinking — Hydraulic  Transmission  of  Power  in 
Mines— Valve  Gears  of  Pumping  Engines — Water  Pressure  Pumping  Enginea 
—Water  Works  Engines — Pumping  Engine  Economy  and  Trials  of  Pumping 
Machinery  —  Centrifugal  and  other  Low-Lift  Pumps  —  Hydraulic  Earns,. 
Pumping  Mains,  &c.~ Ibdkc. 

44 By  the  'one  English  Engineer  who  probably  knows  more  about  Pumping  Machinery 
than  unr  other,'  ...  A  volums  Bjscoannra  mm  sbsulto  or  tovo  ixruikb  axi> 
STCOT."— TO*  Aaffoesr. 

"Undoubtedly  tu  but  ajtd  host  pbactical  xbsatiss  on  Pumping  Machinery  that  mam 
tbt  asm  fcbushkd."— Mining  Journal.  r 

Wm:  0HMLE8  6RIFRN  *  CO.,  LIMITED,  EXETER  8TKEET,  OTRAHOk 


Moemi  $«>,  Hm*4*om  0«A.    With  numerous  ttktttrutions  a*4  Ttktm.    Jffc, 

THE    STABILITY    OF    SHIPSL 

BT 

SIR  EDWARD  J.  REED,  K.C.B.,  F.R.S.,  M.P, 

mUQMT  Or   TKI    IMPB1UAL   ORDBXS    OF    IT.  STAMILAUS    OF    RUSSIA; 

AUSTRIA;    MSDJIDIB   OF   TUKKBT;    AND    RISING   SUN    OR    JATAN; 
PRRSIORNT  OR  THE  INSTITUTION  OT  NAVAL  AMCMWflS. 

la  order  to  render  the  work  complete  for  the  purposes  of  the  Shipbuilder, 
•sssse  or  abroad,  the  Methods  of  Calculation  introduced  by  Mr.  F.  K.  BAures,  Mr.OsvSJt; 
ftt.  Rbrch,  M.  Daymakd,  and  Mr.  Bbnjamin,  are  all  given  separately,  flrastsasai  to 
Tahles  and  worked-out  examples.  The  book  contains  more  than  soo  Diagranaj  sad  u 
eSustrated  by  a  large  number  of  actual  cases,  derived  free*  ships  of  all  deesr 

*  Sr  Edward  Rkrd's  '  Starilitv  or  Ships  '  is  invaluarlr.    The  Naval 

ejAl  find  brought  togetacr  and  ready  to  his  hand,  a  man  of  information  which  he  would 
wise  have  to  seek  in  an  almost  endless  variety  of  publications,  and  some  of  which  ho 
possibly  not  be  able  to  obtain  at  all  elsewhere."— AtoiMf&fc 


THE  DESIGN  AND  OONSTBTJCTION  OF  SHIPS.  By  Johh 
Harvard  Bilks,  M.Inst.N.A.,  Professor  of  Naval  Architecture  in  the 
University  of  Glasgow.  [In  Preparmtien. 


Second  Edition.     Illustrated  with  Plates,  Numerous  Diagrams,  and 
Figures  in  the  Text.     18s.  net 

STEEL    SHIPS: 

THEIR    CONSTRUCTION    AND    MAINTENANCE. 

A  Manual  for  Shipbuilders,  Ship  Superintendents,  Students, 
and  Marine  Engineers. 

By  THOMAS  WALTON,  Naval  Architect, 

AUTHOR    OF    "KNOW    YOUR    OWN    SHII\H 

Contents.— I.  Manufacture  of  Cast  Iron.  Wrought  Iron,  and  Steel. — Com- 


position of  Iron  and  Steel,  Quality,  Strength,  Tests,  &c.  II.  dassificatum  of 
Steel  Ships.  III.  Considerations  in  making  choice  of  Type  of  Vessel.— Framing 
-of  Ships.    IV.  Strains  experienced  by  Ships. — Methods  of  Computing  and 


Comparing  Strengths  of  Ships.  V.  Construction  of  Ships.  —Alternative  Mo  _  _ 
■of  Construction. — Types  of  Vessels. — Turret,  Self  Trimming,  and  Trunk 
Steamers,  &c. — Rivets  and  Ri vetting,  Workmanship.  VL  Pumping  Arrange- 
ments. VII.  Maintenance. — Prevention  of  Deterioration  in  the  Hulls  of 
^hips.—  Cement,  Paint.  <fcc— Indbx. 

"  So  thorough  and  well  written  Is  every  chapter  In  the  book  that  it  i«  (HT  cult  to  select 
4bny  of  them  as  being  worthy  of  exceptional  praise.  Altogether,  the  work  is  excellent,  and 
will  prove  of  great  value  to  those  for  whom  it  is  intended?'— J%«  Engineer. 

"  Mr.  Walton  has  written  for  the  profession  or  which  he  is  an  ornament  His  work 
e?«ry  If.LN.A.,  and  with  great  benefit  by  the) 


•will  be  read  and  appreciated,  no  doubt,  by 
majority  of  them. —Journal  of  Commerce. 


Second  Edition,  Cloth,  8s.  6d.     Leather,  for  the  Pocket,  8s.  6d. 
OBITFIN'S  ELECTRICAL  PRICE-BOOK :  For  Electrical,  Civil, 

Marine,  and  Borough  Engineers,  Local  Authorities,  Architects,  Railway 

Contractors,  &c,  &c.    Edited  by  H.  J.  Dowsing. 
"  The  Elbctkical  Pkicb-Book  kbmoVbs  all  mystery  about  the  cost  of  Thrlifcri 
wVwer.    By  its  aid  the  sxfimsk  that  will  be  entailed  by  utilising  electricity  on  a  Issga  m 
assail  scale  can  be  discovered. "— Architect. 

4MD:N:  CHARLE8  GRIFFIN  A  CO.,  LIMITED.  EXETER  STREET,  8TRARQ. 


Edited  by   EDW.   BLACKMORE, 

Matter  Mariner,  First  Clan  Trinity  House  Certificate,  Assoc  Inst.  N.A. ; 

Asd  Wejtten,  mainlt,  by  Sailors  for  Sailobs. 


"TH1B  ADMTRABLE  SEEIES."— Fairplay.  "A  VERY  USEFUL  SERIES."— Nt      < 

14  The  Tolumes  of  Messrs.  Griffin's  Nautical  Series  may  well  and  profit     1 
read  by  all  interested  in  our  national  maritime  progress."— Marine  Engine* 

"Every  Ship  should  have  the  whole  Series  aa  a  Reference  Library, 
somely  bound,  clbarly  printed  and  illustrated."— Liverpool  Journ.  of  Conrn    i 

The  British  Mercantile  Marine:  An  Historical  Sketch  of  it*   l 

and  Development.    By  the  Editor,  Capt.  Blaokmore.    8s.  6d. 

"Captain  Blackmore's  splendid  book    .    .    .    contains  paragraphs  on  ever,  i 

of  interest  to  the  Merchant  Marine.    The  243  pages  of  this  book  are  the  most  - 

ABLE  to  the  sea  captain  that  have  ever  been  compiled."— Merchant  Service  Revi  , 

Elementary  Seamanship.    By  D.  Wilson-Barker,  Master  Ma  i 

F.K.3.E.,  F.R.G.8.    With  numerous  Plates,  two  in  Colours,  and  Frontl  1 

Third  Edition,  Thoroughly  Revised,  Enlarged,  and  Be-set.     With  add  i 
Illustrations.    6s. 

"This  admirable  manual,  by  Capt.  Wilson  Barker,  of  the  'Worcester,'  i 

to  as  perfectly  designed."— ^tfonorvm. 

KnOW  Your  Own  Ship :  A  Simple  Explanation  of  the  Stability,    ', 
struction,  Tonnage,  and  Freeboard  of  Ships.    By  Thos.  Walton,  Naval  Arc!   I 
With  numerous  Illustrations  and  additional  Chapters  on  Buoyancy,  Trin 
Calculations.    Sixth  Edition,  Revised.    7s.  6d. 
"Mr.  Walton's  book  will  be  found  vert  useful."— The  Engineer. 

Navigation :  Theoretical  and  Practical.    By  D.  Wilson-Baj  ; 

Master  Mariner,  Ac,  and  William  Allinqham.   Second  Edition,  Revised.   :  i 
"Precisely  the  kind  of  work  required  for  the  New  Certificates  of  oompe  i 
Candidates  will  find  it  invaluable."— Dundee  Advertiser. 


Marine   Meteorology:    For   Officers   of    the   Merchant  Navy. 
William  Allinqham,  First  Class  Honours,  Navigation,  Science  and  Art  Depart  i 
With  Illustrations,  Maps,  and  Diagrams,  and  facsimile  reproduction  of  log  i 
7s.  6d. 
"  Quite  the  best  publication  on  this  subject."— Shipping  Gazette. 

Latitude  and  Longitudo :  How  to  find  them.    By  W.  j.  Mil  . 

C.E.,  late  Sec.  to  the  Inst,  of  Engineers  and  Shipbuilders  in  Scotland.    Si  : 

Edition,  Revise  i.    2s. 

"  Cannot  but  prove  an  acquisition  to  those  studying  Navigation."— Marine  Bng\ > 

Practical    Mechanics :    Applied   to  the  requirements  of  the  Sa 
By  Thos.  Mackenzie,  Master  Mariner,  F.R.  A.S.   Second  Edition,  Revised.  8  , 
11  Well  worth  the  money  .    .    .  exceedingly  helpful. **— Shipping  World. 

Trigonometry :  For  the  Young  Sailor,  &c     By  Rich.  C.  Buck,  of 
Thames  Nautical  Training  College,  H.M.S.  "  Worcester."  Second  Edition,  Rei  i 
PriceSs.8d. 
"This  eminently  practical  and  reliable  volume." —Schoolmaster. 

Practical  Algebra.     By  Rich.  C.  Buck.    Companion  Volume  to 
above,  for  Sailors  and  others.    Price  8s.  6d. 
"  It  is  just  the  book  for  the  young  sailor  mindful  of  progress.  —Nautical  Magai 

The  Legal  Duties  of  Shipmasters.    By  Benedict  Wm.  Ginsbc 

M.A., XL.D.,  of  the  Inner  Temple  and  Northern  Circuit;  Barrlster-at-Law.    Sec 

Edition,  Thoroughly  Revised  and  Extended.    Price  4s.  6d. 

"  Invaluable  to  masters.        .    .    we  can  fully  recommend  it."— Shipping  Got 

A  Medical  and  Surgical  Help  for  Shipmasters.    Including  F 

Aid  at  Sea.    By  Wm.  Johnson  Smith,  F.R.C.S.,  Principal  Medical  Officer,  Beau 

Hospital,  Greenwich.    8econd  Edition.  Revised.   6s. 

"  Sound,  judicious,  really  helpful/— The  Lancet. 

LONDON:  CHARLES  GRIFFIN  &  CO.,  LiM.TED,  EXETEB  8TREET,  8TRJ 
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Introductory  Volume.     Price  Sa.  6cL 

British  Mercantile  Marine. 

Br  EDWARD   BLACKBQS1, 

MA4TB*.  MABINBK;  ASSOCIATE*  Ol*  TUB  mCTTTUTIOK  OF  NAVAL  A«CHII1IM| 

msmn  o*  nm  ntsrrnmoN  op  BMOiifSBKSAwe  smrmmnmm* 

IW9KOTCAWD;  aUlTIR  OVGRimUVB  "NAUTiaK.  flMHT 

GbMKaE  CbNTEimr.— H'istootcae  :  From  Early  Times  tor  nsmRimr 
under  Henry  VIIL—To  Death  of  Mary^During  Elizabeth's  Reign—  Up.  t» 
the  Reign,  of  William  HI.— The  ISth  and  l&th  Centaries^InititatioM  of 
EaMUBBVk!»n**~--Eis*  and  Progress  of  Steam  Propulsion  —  Development*  of 
Free  Trade- Shipping  Legislation,  1862  to  1875—"  Locksley  Ball*  <Tn— i 
Shipmaster*  Societies— Loading  of  Ships— Shroping  Lcgislatiom,  IBM  to  MM*- 


Statistics  of  Shipping.  The  Febsonnel  :  Smpuvwere— Offiegrs  Marine 
Duties  and  Present  Position.  Education  :  A  Seaman's  Education:  "what  it 
shonfX  be— Present  Means  of  Education— BRnts.  BncimirB'  abd  Dut*— 
Postscript— The  Serious  Decrease,  in  the  Number  of  British.  Seamen,  a  T 
demanding  the  Attention  of  the  Nation* 

"  Inrasarrnra  and  Rtsnucffivi   .    .    .    nss*1to<NSMf>wini  ] 
fflcugw  Herald. 


[ofth«ss*fcet  l*dssl*wtfn  In  a  way  whlsK  • 
•ansmtlieroneft'  famHi^riy"    Mmtmnam. 

**?sd»  ADimuM.»  lawk   .    .    .    Tans-  with  useful  inforaualoe^-gbms*-  bat*  tae 
aandi  of  etery  Sailor."—  Wiufern  JfemfeaAVift, 


Thmu  Edition,  Thoroughly  Revised,  Enlarged,  and  R*+et» 
With  AMMamat  IUuBWeMom.     Prxew  6*. 

ELEMENTARY^SEAMANSHIP. 

bt 

D.  WTLSOJT-BAEKER,  Masts*  Mabinhi;  P.R.S.JL^.B,.R.Gw&,  Jta.,ta.; 

It  BSOTHBB-  OF  THB  TRINITY  ] 


With  Frontispiece,  Numerous  Plates  (Two  in  Colours),  and  IUustrations 

in  the  Text. 

Gbnxbal  _Contkntb.— The  Building  of  a  Ship;  Parts  of 


-Ropes,  Knots,   Splicing,  &c  —  Gear,    Lead  and  Log,  &a  —  Rigging, 
r>w — Saihnskiiig — The  Sails*  eVo. — .Handling,  of  BesVta  made*  SsaL — 
ds  and  Signalling— Rule  of  the  RoaoVKeeping  and  BetorianrWstuli 
ofBtatjiurtts—  Glossary  c^Se»Term»snd'ghisms'   Bswkja. 
•*•  The  Tolmne  contains  the  vsw  bolm  of  tb*>  boa©. 
"This  tews  jbm  MtHiiii.  by  Oast.  Wwm*»Bj*mwmot  the*4  Woronter,'  seem  tots* 
faaiacTLT  Da»i«nro,  and  holda  lttplaoBrexoallenUy  in  •  akina's  if  AaaiGA^SssasB*' .    .    . 
Alsaeogh  Inttodadfor  those  who  are  to  besom*  Offlcert  of  the  ]feschBnt-29«rA  JfcwJB'be 
fovnsT  useful  by  all  yacbtsxb*.**-- 4tte*sBjm. 


10N00H :  CHABIE8  9RIFF1*  &  «*».  EIMTHL  BCTM  SHOT,. 


MAUTSOJlU  wor&jl.  41 

QHLCTUyS  »AFnCAL  8BMML 
Second  Edition,  Revised  and  lllu&raled..    Price  3s.  6d. 

NAYIGATIOlSr: 

PRACTICAL     JUSTD      arEn&ORESTIGJMLi. 

Bt  DAVID  WILSON-BARKER,  RJ&R.,  F.R.S.E.,  &c,  <fea, 

WILLIAM  ALLINGHAM, 

KB8TM3L1»  HOMOUB^  BTSVrattHOll,  ■!!«<»' ABB  AHT  PBWkWIUJff: 

VHtti  !Uim<tOfU0  SUuetttfloitfi  art  jsSamlnatlon  ttpeattana. 

Gbtkbal  CoNTmrm— Definitions— Latitude  and  Ix>ngitrade— Instruments 
of  Navigation—  Correction-  of  Courses— Plane  Sailings-Traverse  Sailings- Day's 
Work— Parallel  Sailing  —  Middle  Latitude  Sailing  —  Mercator's  Chart— 
Mercator  Sailing— Current  Sailing— Position  by  Bearings—  Great  Circle  SaUing 
—The  T5des— Questions— Appendix :  Compass  Error— Numerous  Useful  Hints,. 
fa. — Index* 

"Pbjkmbu  the  kind  of  worav  required  for  the  New  Certificates  otoomnetanirfafradea 
from  Second  Mate  to  extra.  Master.    .    .    .    Candidate*  will  find  ft  xhvaxuabxs^'-- /news* 


"A  capital  littlb  book  .  .  .  apaeJa^adapsad  to;  the  Maw  3 
AnssafaansQarR  WaaMKBajsM^CC^tsJo^apsHntaiidisiaaf  th»Nentlaai<Qaltosja,HiSta 
'  Worcester,'  who  ham  had  great  experience,  in  the  highest  nrohlema  of  Nertamtlon),  and 
UmAtusanAm,*  well-known  writer  on  the  Satanes  of  Navigation  and  Nautical  Aatrononij." 


Handsojur  Cloth,    Fully  Ilhubnted.     Price  7a  6d. 

MARINE    METEOROLOGY, 

FQR  OPFICESa  as  the  he&chant  mate. 

Br  WILLIAM  AELOTGHAM, 

Joint  Author  of  "Navigation,  Theoretical  and  Practical." 

With  numerous  Plates,  Maps,  Diagrams,  and  niu8trn*iniisvanAafaa»initte 
Reproduction  of  a  Page  from  an  actual  Meteorological  Leg^Beok. 

STTsfMAKY   OF  CeMfTSQsTESfc 

DiTBeirooTOST.— Ihstnmiente  Use*  ao  fitoa  for  MateeieJogical  Ptti 
logleal  I^g-Booka»— Atmoapherio.  ttisssure.— A4s  Temperatures.— Sea, 
Winds.— wind  Foroe  Seals*.— History  of  the'  Law  of  Stum*,— Hurricanea, 
8torm  Tracks.— Solution  of  the  Cyclone  Problem.    Oeean  Currents.— la 
chronoaa  Chacta.— Dew,  Miatat  logs,  and  Base.— Clouds*— Bain,  Snow,  an< 
-  •  ~  >HMoe>sJMli"  '  "         -••*•- 


Mirage,  Beinbows,  Corona*,  Baioa>  andiMssenri     T lightning,  Ctoiposantsi.and'AnMisaa— 
Qaawrjowa— Afphhdul— imm. 

"Quito  the  essr  publication,  aitd  certainly  the  most-  lMsstaanse,  on  this  lunjeje-  ever 
presented  to  Nautical  men."— Skipping  Qamtu. 

*#*  For  Complete  List  of  Griffin's  Nautical  Series,  see»p  3ft 
Vmm:  CHMHifr  UHFHNi  &  8fc.  LIMI/ED*.  EXEIEft  SERB**,  UftUltk 


4*  OBARLMH  OBirriH  S  OO.'B  PUBLIOATJOWB. 

GRIFFIN'S   NAUTICAL  SEMES. 

Second  Edition,  Revised.     With  Numerous  Illustrations.    Price  3a.  6dL 

Practical  Mechanics: 

Applied  to  the  Requirements  of  the  Sailor. 
By    THOS.    MACKENZIE, 

Matter  Jfarftier,  F.H.AJS. 
Gbheral  Contents.— Resolution  and  Composition  of  Forces— Work  dona 
by  Machines  and  Living  Agents — The  Mechanical  Powers:  The  Lever; 
Derricks  as  Bent  Levers— The  Wheel  and  Axle:  Windlass ;  Ship's  Capstan; 
Crab  Winch— Tackles :  the  "Old  Man"— The  Inclined  Plane;  the  Screw— 
The  Centre  of  Gravity  of  a  Ship  and  Cargo  —  Relative  Strength  of  Rope  : 
Steel  Wire,  Manilla,  Hemp,  Coir— Derricks  and  Shears-  Calculation  of  the 
Cross-breaking  Strain  of  Fir  Spar— Centre  of  Effort  of  Sails— Hydrostatics : 
the  Diving-bell ;  Stability  of  Floating  Bodies ;  the  Ship's  Pump,  Ac. 

44  This  excellent  book  .  .  .  contains  a  large  amount  of  information. » 
—Nature. 

"  Well  worth  the  money  .  .  .  will  be  found  BXCESDiXGLr  helpful."— 
Shipping  World. 

"fto  Ships'  Oftickbs*  bookcase  will  henceforth  be  complete  without 
Captain  Mackenzie's  •  Practical  Mechanics. '  Notwithstanding  my  many 
years*  experience  at  sea,  it  has  told  mo  liow  much  more  there  it  to  ao?uir«"— 
(Letter  to  the  Publishers  from  a  Master  Mariner). 

44 1  must  express  my  thanks  to  you  for  the  labour  and  care  you  have  1 
in  'Practical  Mechanics.'   .    .    .    It  is  a  life's  experience.    . 

What  an  amount  we  frequently  see  wasted  by  rigging  purchases  without  l 

and  accidents  to  spars,  &c,  Ac !    'Practical  Mechanics'  would  bats  all 
THIS.  "—{Letter  to  the  Author  from  another  Master  Mariner). 


WORKS  BT  RICHARD  C.  BUCK, 

of  the  Thames  Nautical  Training  College,  H.M.S.  •  Worcester.' 

A  Manual  of  Trigonometry: 

With  Diagrams,  Examples,  and  Exercises.    Pria  8s.  6d. 

Second  Edition,  Revised  and  Corrected. 
*#*  Mr.  Buck's  Text-Book  has  been  specially  prepared  with  a  view 
to  the  New  Examinations  of  the  Board  of  Trade,  in  which  Trigonometry 
b  an  obligatory  Bubject, 

"This  BXDrfttfTLT  FKAOTTCAI.  SAd  BSUABLS  VOLUMB."— JSchOOltMUter. 

A  Manual  of  Algebra. 

Designed  to  meet  the  Requirement*  of  Sailors  and  others.     Prioe  3m.  6d. 

%*  These  elementary  works  on  aloxbba  sad  triooicohstet  ere  written  speofally  for 

those  who  will  hsve  little  opportunity  of  oonsaltiag  a  Teacher.   They  ere  books  for  *' 


but."  All  bnt  the  simplest  explanations  have,  therefore,  been  avoided,  and  akswbm  te 
the  Bxeroises  ere  given.  Any  person  may  readily,  by  careful  study,  become  master  of  their 
contents,  and  thus  lay  the  foundation  for  a  further  mathematical  coarse,  if  desired.    II  Is 


hoped  that  to  the  younger  Officers  of  our  Mercantile  Marine  they  will  be  found  decidedly 
serviceable.  The  Examples  and  Bxeroises  are  taken  from  the  Examination  Papers  set  lor 
the  Oadets  of  the  "  Worcester." 

"  Clearly  arranged,  and  well  got  op.    .    .     .A  flrst-rate  Elementary  Algebra.  — 
Nmtttod  Maganint. 

%*  For  oomplete  List  of  Qantnt's  Nautical  Bbuss,  see  p.  89. 

tSNDOli:  CHARLES  GRIFFIN  &  CO.,  LIMITED,  EXETER  8TREET,  8TRAID. 


GRIFFIN'S  NAUTICAL   SERIES. 

Second  Edition,  Thoroughly  Revised  and  Extended.     In  Crown  8vo. 
Handsome  Cloth.    Price  4s.  6d. 

THE  LEGAL  DUTIES  OF  SHIPMASTERS. 

BY 

BENEDICT  WM.   GINSBURG,   M.A.,   LL.D.  (Cantar), 

Of  the  Inner  Temple  and  Northern  Circuit ;  Barrister-at-Law. 

General  Contents.— The  Qualification  for  the  Position  of  Shipmaster— The  Con- 
tract with  the  Shipowner— The  Master's  Duty  in  respect  of  the  Crew :  Engagement : 
Apprentices;  Discipline;  Provisions,  Accommodation,  and  Medical  Comforts ;  Payment 
of  wages  and  Discharge— The  Master's  Duty  in  respect  of  the  Passengers— The  Master's 
Financial  Responsibilities— The  Master's  Duty  in  respect  of  the  Cargo— The  Master's 
Duty  in  Case  of  Casualty— The  Master's  Duty  to  certain  Public  Authorities— The 
Master's  Duty  in  relation  to  Pilots,  Signals,  Flags,  and  Light  Dues— The  Master's  Duty 
upon  Arrival  at  the  Port  of  Discharge— Appendices  relative  to  certain  Legal  Matters : 
Board  of  Trade  Certificates,  Dietary  Scales,  Stowage  of  Grain  Cargoes,  Load  Line  Begula- 
Uons,  Life-saving  Appliances,  Carriage  of  Cattle  at  Sea,  Ac,  Ac.— Copious  Index. 

14  No  intelligent  Master  should  fall  to  add  this  to  his  list  of  necessary  books.  A  few  lines 
ef  it  may  savs  a  lawtbb's  fee,  besides  endless  woeby."— Liverpool  Journal  of  Commerce 

M  Sensible,  plainly  written,  In  cleae  and  xok-technical  language,  and  will  be  found  of 
MUCH  SEBviOB  by  the  Shipmaster."— British  Trad*  R*vie*. 


Second  Edition,  Revised.     With  Diagrams.     Price  2s. 

Latitude  and  Longitude: 

Homr    to    Find    them. 

By   W.   J.   MILLAR,   C.E., 

LaU  Secretary  to  th*  InsL  of  Enginetrt  and  Shipbuilder*  in  Scotland. 
"  Concisely  and  CLBABLT  wkittbn   .    .    .    cannot  but  prove  an  acquisition* 
to  those  studying  Navigation."— M arine  Engineer. 
*•  Young  Seamen  will  find  it  handy  and  useful,  simple  and  oleajl"— TAs 


FIRST  AID   AT  SEA. 

Second  Edition,  Revised.    With  Coloured  Plates  and  Numerous  Illustra- 
tions, and  comprising  the  latest  Regulations  Respecting  the  Carriage 
of  Medical  Stores  on  Board  Ship.     Price  6s. 

A  MEDICAL  AND  SURGICAL  HELP 

FOR  SHIPMASTERS  AND  OFFICERS 
IN   THE  MERCHANT  NAVY. 

BY 

WM.      JOHNSON     SMITH,    F.R.O.S., 

Principal  Medical  Officer,  Seamen's  Hospital,  Greenwich. 
V  The  attention  of  all  Interested  in  our  Merchant  Navy  Is  requested  to  this  exceedingly 
useful  and  valuable  work.    It  is  needless  to  say  that  it  is  the  outcome  of  many  years 
rmAOTiOAL  experience  amongst  Seamen. 

"flOCED,  JUDICIOUS,  EBALLT  HELPFUL."—  Th*  LOHUi. 

*#*  For  Complete  List  of  Gblttih's  Nautical  Series,  see  p.  39. 
LONDON:  CHARLES  GRIFFIN  A  CO.,  LIMITED,  EXETER  STREET,  8TRAND, 
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CHARLES  ORimN  *  00. V  PUBLICATION*. 


GEDFraPS  JULOXSCAL  JEBIEft. 


Jitvimd,  toiik  Okqptmm  en  Trim,  Bucgamqk 
mm*  Obfesjtatitws.    thmmnom  JUm+mtion*.    JJasebusm 
Cloth,  Crown  8vo.    Price  7s.  Sd. 

KHQW  YOUB  OWS  SHIP. 

By  THOMAS  WALTON,  Navai,  AacaiCTOT. 

lt  dutBAKOBD  to  BuiT  «BS  uqurasfniTs  vv  aurf  uiiuuuts, 


HMs  -work  'cspWnfi,  in  m  «nopta 
snhyects  •*: — 


c,  musk  important 


Deadweight, 
Tannage, 


Momenta, 
Buoyancy, 
Stein, 


Stability, 

Rolling, 

IhrHtwtfng, 


Shifting  Cargoes, 
Admission  of  Water, 
8a11. 


""  Ttra  ffttle  iwok  wfll  be  found  vrcvassymmn  «AiaOT%*jrast*0ffi«er*  and 
officials  connected  with  shipping.  .  .  .  Mr.  Walton*!  work  trill  efetain 
lasting  success,  because  of  its  unique  fitness  for  those  for  whom  it  has  been 
written."— Slipping  WorUk 

"  An  JBLGBLLSNT  work,  .lull  of  solid  instruction  and  dtvaluablb  to  every 
•oJ&sex  of  the  Mercantile  Marine  who  has  bra  profession  at  heart. n-*Sk4ppinffL 

"  Not  one  of  the  242  pages  could  well  be  spared.  It  will  admirably  fulfil  its 
jrarjxue  .  .  .  useful  to  ship  owners,  ship  superintendents,  ship  draughts- 
ttosa,  and  all  interested  in  shipping."— X  ivtrpool  Journal  of  Cotnmeree. 

*"  A  mass  of  "vntY  towol  dwormateok,  accompanied  by  diagrams  and  fllua- 
-tmtions,  is  given  in  a  oozn.pact  form."— Tairplay. 

"  We  have  found  no  «ae  stateasssft  -that  we  oonM  bxm  wished  *ffierently 
expressed.  The  matter  fcas,  so  lar  as  elearness  allows,  been  admirably  ©on- 
«densed,  and  is  simple  enough  to  be  understood  by  every  seaman."—  Marin* 
JSnoinar. 


Steel  Stops:  Their  Construction  M  HaMfiMce. 

(fiaejpaga  SS.) 
IAH0DN:  AMBLES  «HFFW  A  C&,  UMITEO,  EXETER  SHEET,  STBAMD. 


XmiMMBXXNG  AN  J)  MSQBJMJOB.  45 

Fourteenth  Edition,  Revised.     Ppftoe  21*. 

Wvrbmg  ffUmnmm 

A    MAtttfAL.    OP 

MARINE  ENGINEERING: 

COMPRISING  THE  HBaiONING,  £ONBXRUjGXK>N,  AND 
•WORKING  OF  31ARIKB  MACHWBRT. 

By  A.  E.  SEATOM,  W.lirst/C.E.,  H. Inst. Meek B„ 


General  Contents.  —  Past  I.— Principles  of  Marine  Propulsion. 
Part  II.  —  Principles  of  Steam  ISngineering.  Part  III. —  Details  of 
Marine  Engines  :  Design  and  Calculations  for  Cylinder*,  Pistons,  Valves, 
Expansion  Valves,  .&c.  Part  IV.—Propeliere.  Part  V.— Boilers. 
Part  IV.— Miscellaneous. 

V  Test  Editkim  -JiHlhidei  a  'Chapter  on  W^rreR-TtWB  lk>ii*a»,<with  lllustra- 
""  Itbettosssdauksoftlwi ~ 


""In  the  three-fold  aapaeHgr  of  enabling  a  Student  to  learn  howto  deafen,  eensftruot, 
aneVwork  a  Marine  Steam-Enjnne.  Mr.  Seaton's  Manual  has  no  RIVAL?'— Hates. 

"Bymrfhe  best  Manual  in  existence.  .  .  .  Gives  a  oomplete  aooount  of  the 
methods  of  solving,  with  the  utmost  possible  economy,  the  problems  before  the  Marine 
Mxufaeer."-At*mm*m. 

*IBie  wtoda^JJmnaitasn,  and  Eneinesr  will4ed«this  wreikdie JtOsV  naRUi  ble 
Vjwdb+ok  -at  Kef— nee  eirthe  Marine  Engine  bow  m^aisWneo.0    Mmt4mt  tfnjf warn 


Seventh  JfinrnoK,  Thoroughly  Revised.    Poufeet~abt,  leather.    8s.  6d. 

a  pocket-boob:  of 

MARINE  ENGHEEBflW  HOLES  AND  TABLES, 

for  SGsT  -va*  sm 

Marine  Engineers.  Naval  Architects,  Designers,  'Draughtsmen, 
*  ntendetrts  and  Other*. 

BY 

A.  E.  SEATON,  M.I.O.K,  M.I.Mech.K,  M.I.N.A., 
B.  M.  JBOHNTHWATEB,  JttiMedbuE,,  MJJXJL 

"  AnetntABLY  ruinu  tts-pmyc.*    Insitfw  9ngm§tt\ 


By    B.     CTJ*Tyi*WHttVflI. 

MGH:  IB  ^ONBTRUCM  A  lAMMAKCE. 

(See  page  87.) 

*mm:<tmMMim  a  co„  lisimixtiEa  street,  atbano. 


WORKS  BT  PROF.  ROBERT  H.  SMITH,  AS80C.M.I.C.B., 

M.LM.K,  UU,  ILLlUaJL,  Whit  Boh.,  ltOnHUtJl 


THE    CALCULUS    FOR    ENGINEERS 

AND    PHYSICISTS, 

Applied  to  Technical  Problems. 

WITH  BXTBHUVB 

OLA.SSTWISD  BXTBBENOJt  LIST  OV  mTBQBAXA. 
By  PROF.  ROBERT  H.  SMITH. 

ASSISTED  BT 

R    P.    MUIRHEAD,   M.A.,   B.Sc, 

Femurr/  Olark  Fallow  of  Glasgow  TJnlyeralty,  and  Lecturer  on  MathomsHos  aft 
MMon  College, 

In  Grown  &vo,  extra,  vMh  Diagram*  and  Folding-Plate.    8s.  6d. 

H  Plot.  R.  H.  Sum's  book  will  be  serrleeable  In  rendering  a  hard  road  Ai  bast  Aa  nACBie> 
ABU  for  the  non-mathematical  Student  and  Engineer.'*— <4<A*iuewr. 

"  Interesting  diagrams,  with  practical  Illustrations  of  actual  occurrence,  are  to  be  found  here 
In  abundance.  Tn»  vbet  comtliti  clabbifiid  mnrnuBca  tabu  will  prove  Terr  useful  in 
aavtng  the  time  of  thoee  who  want  an  integral  In  a  bnrry.*— Tks  XngUmr. 


MEASUREMENT    CONVERSIONS 

(English    and   French) : 
28   GRAPHIC   TABLES   OR   DIAGRAMS. 

Showing  at  a  glance  the  Mutual  Conversion  of  Measurements 
in  Different  Units 

Of  Length!,  Areas,  Volumes,  Weights,  Stresses,  Densities,  Quantities 

of  Work,  Horse  Powers,  Temperatures,  dfco. 

For  tht  vit  of  Englneirt,  Survyon,  Arohlttcta,  **d  Contractor*. 

In  4to9  Boards.     7b.  6d. 


*  *  Prof.  Smith's  Conversion-Tables  form  the  most  unique  and  com- 
prehensive oollection  ever  placed  before  the  profession.  By  their  use  much 
fame  and  labour  will  be  saved,  and  the  chances  of  error  in  calculation 
diminished.  It  is  believed  that  henceforth  no  Engineer's  Office  will  be 
oonsidered  complete  without  them. 

"  The  work  la  iTAtPAJin,*— floMwy  Qvardtan. 

"  Ought  to  be  In  mrm  office  where  even  occasional  eonrersfons  are  required.  .  .  .  Prol 
Sum's  Taxus  form  very  bxcbllbbt  chicks  on  results."— KUctrioal  Jttvttm. 

"  Prof.  Smith  deaenrea  the  heartj  thanks,  not  only  of  the  EironrBn,  bat  of  the  CoxmmciAi 
Wonts,  for  haying  smoothed  the  war  for  the  adoption  of  the  Mbtbio  Btsthi  of  MSASUunirv, 
n  •abject  which  fa  now  assuming  great  importance  aa  a  factor  in  maintaining  our  hold  upon 
SeSHSS  fiADS,"— Tht  MacMmry  Ifor**. 

LOM0ON:  CHARLE8  GRIFFIN  I  CO.,  LIMITED,  EXETER  STREET,  STRAND. 


In  Large  8to.     Handsome  Cloth.     10s.  6d. 

CHEMISTRY   FOR  ENGINEERS 

BY 

BERTRAM  BLOUNT,      and  A.  G.  BLOXAM, 

F.I.O.,  F.O.S.,  A.I.O.B.,  P.LC,  F.C.B., 

Consulting  Chemist  to  the  Grown  Agents  for  Consulting  Chemist,  Head  of  the  Chemist 

the  Colonies.  Department,  Goldsmiths'  Inst., 

New  Cross. 


GBHEBAL  CONTENTS.— Introduction— Chemistry  of  the  Chief  Materia 
of  Construction— Sources  of  Energy— Chemistry  of  Steam-raising— Chemli 
try  of  Lnbrloatlon  and  Lubricants— Metallurgical  Processes  used  in  tt 
Winning  and  Manufacture  of  Metals. 

uThe  authors  hare  ■aocmxnu>  beyond  all  expectation,  and  hare  produced  a  work  waJ< 
should  gire  fbmh  powkb  to  the  Engineer  and  Manufacturer."— Thi  Time*. 

"Pbacyicai  VHBOVOHom  ...  an  admirabu  raxv-BOox,  useful  not  onlj  to  Student 
be*  to  Bxeivaims  and  Miiauu  of  works  in  peithiitiho  wasts  and  imhotiho  tboomsis." 

"A  book  worthy  to  take  high  bavk  .  .  .  treatment  of  the  subject  of  gasbovs  fci 
parttoularly  good.  ,  .  .  Wathb  oas  and  its  production  clearly  worked  out,  .  .  .  Yi 
WABMLT  bjkommbhd  the  work."— Journal  ofOaa  Lighting. 


For  Companion  Volume  by  the  same  Authors,  see  "Chemistb 
for  Manufacturers,"  p.  71. 


WORKS  BY  WALTER  R.  BROWNE,  M.A.,  M.lNST.C.E., 

Late  Fellow  of  Trinity  College,  Cambridge. 


THE    STUDENT'S    MECHANICS 
An  Introduction  to  the  Study  of  Force  and  Motion. 

With  Diagrams.     Crown  8vo.    Cloth,  4s.  6cL 

■  Osaw  fat  style  and  practical  in  method,  'Tm  Student's  Mkchajtics'  is  eovsmBy  to  m 
'   1  from  all  points  •€  view.  "—Attomntm. 


FOUNDATIONS    OF    MECHANICS, 

Papers  reprinted  from  the  Enginter,     In  Crown  8vo,  is. 


Demy  8vo,  with  Numerous  Illustrations,  9s. 

FUEL    AND    WATER: 

A  Manual  for  Users  of  Steam  and  Water. 

Wf  Pmor.    FRANZ    SCHWACKHOFER  of  Vienna,  and 

WALTER  R.  BROWNE,   M.A.,  CE. 

GmnuAL  Cohtwcts.— Heat  and  Combustion— Fuel,  Varieties  of— Finn*  Arrange- 
ments: Furnace,  Fine*.  Chimney — The  Boiler.  Choice'  of—  Varieties—  Feed-water 
Haeters— Steam  Pipes— Water :  Composition,  Purification— Prerention  of  Scale,  ft  c. ,  &c. 

"The  Section  on  Heat  is  one  of  the  beat  and  moat  lucid  ever  written."— ^MtfiWtfr. 

M  Cannot  mil  to  be  varanhM  to  thousand*  using  steam  pawtr,m—Rmitmmy  ITrjrriirr. 

LONDON:  CHARLES  8RIFFIN  4  CO..  LIMITED,  EXETER  STREET,  8TRAN0. 


48  CHAZtLM  &&UTFIN  *  00.  W  FUBLKULTI0N8. 

GRIFFINS   LOCAL   GOVERNMENT   HANDBOOKS, 

WQftfcB  SUITABLE  FOR  MUNICIPAL  AND  COUNTY  SNQUNSUU3, 
ANALYSTS,  ^ND  OTBEKfi. 

See  alto  Daviea'  Hygiene,  p.  99,  and  MacLeod's  Public  Health,  p.  110. 

Gas  Mamrfaature  (Uhe  Chemistry  of).    A  Handbook  on  tfa*  Pro- 

d  act  ion,  Purification,  and  Testing  of  Illuminating  Gaa,  and  the  Assay  of  ^Bye- Pro- 
ducts. By  W.  J.  A.  Butterfikld,  M.A.,  F.I.C.,  F.CS.  'With  Illasiaalians.    Thiu> 
***    SfimriON,  Revised  (in  preparation).  faswsjasss  77. 

Water  Supply :  A  Practical  Treatise  on  the  Selection  of  Sources  and  the 
Distribution  of  Water.  By  REGINALD  £.  MiDDLETON,  M.Inst.C.E.,  M.Inst.Mech-E., 
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or  ksfbrbncb?  "•' 


OPEB-AtR  STUDIES  ft  GEOtOGY: 


A*  Entrochiction  to  fitology 
By  PROFESSOR  GRENVILLE  COLE,   M.R.EA*  ECS 
For  details,  see  Griffin's  Intodnctory  Science  Series,  p.  85. 

10H DON:  CHARLES  GRIFFIN  I  CO.,  UMiTED,  EXETER  STREET*  8THHHI 


Crown  &vo.     Handsome  Cloth.     2s.  6d. 
RESEARCHES  Of*  THFPAST  Aff& PBB3SWT  1  : 

OH 

THE    EARTH'S    ATMOSPI- 
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BUILDING  CONSTRUCTION  in  WOOD,  STONE,  and 
CONCRETE.  By  James  Lyon,  M.A.,  Professor  of  En- 
gineering in  the  Royal  College  of  Science  for  Ireland; 
sometime  Superintendent  of  the  Engineering  Department  in 
the  University  of  Cambridge;  and  J.  Taylor,  A.R.C.S.I. 


%*  Other  Volumes,  dealing  with  subjects  of  Primary 
Importance  in  the  Examination  and  Utilisation  of  Lands 
which  have  not  as  yet  been  fully  developed,  are  in  preparation. 

LONDON :  CHARLES  GRIFFIN  a  CO.,  LIMITED,  EXETER  8TREET,  STRAND. 
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ORHTIN'S    "NEW   LAND"    SERIES. 

Third  Edition,  Revited.     With  Illvttralioiu.    Handtomt  Oloth,  6*. 

PROSPECTING  FOR  MINERALS. 

A  Practical  Handbook  for  Prospectors,  Explorers,  Settlers,  and  ait 
interested  in  the  Opening  up  and  Development  of  New  Lands. 

BT 

8.  HERBERT  OOX,  AbsocRS.M.,  M.InstM.M.,  F.G.&,  <kc 

Geheral  Contents.— Introduction  and  Hints  on  Geology— The  Determina- 
tion of  Minerals :  Use  of  the  Blow-pipe,  Ac. —Rock-forming  Minerals  and  Non- 
Metallic  Minerals  of  Commercial  Value :  Rock  Salt,  Borax.  Marbles,  Litho- 
graphic Stone,  Quarts  and  Opal.  &c..  Ac— Precious  Stones  and  Gems— Stratified 
Deposits:  Coal  and  Ores— Mineral  Yeins  and  Lodes— Irregular  Deposits— 
Dynamics  of  Lodes :  Faults,  Ac.— Alluvial  Deposits— Noble  Metals :  Gold, 
Platinum,  Silver,  &a— Leaa— Merciiry— Coppeiv-Tin— Zinc— Iron— Nickel, 
4c. — Sulphur,  Antimony,  Arsenic,  &c. — Combustible  Minerals — Petroleum — 
General  Hints  on  Prospecting— Glossary— Index. 

"This  ADMIRABLE  LITTLE  WORK     .     .     .     Written  with  BCIRNTttIO  AOOURAOT  in  S 

olbar  and  lucid  style.  ...  An  important  additioh  to  technics!  literature  .   .  . 
will  be  of  value  not  only  to  the  Student,  but  to  the  experienced  Prospector.    .    •   • 
If  the  succeeding  volumes  of  the  New  Land  Series  are  equal  in  merit  to  the  First,  we 
must  congratulate  the  Publishers  on  successfully  filling  up  a  gap  In  existing  literature. 
—Mining  Journal. 

"This  excellent  handbook  will  prove  a  perfect  Vade-mscum  to  those  engaged  In 
the  practical  work  of  Mining  and  Metallurgy."— Timet  of  Africa. 


With  many  Engravings  and  Photographs.    Handsome  Cloth,  4s.  6VL 

FOOD      SUPPLY. 

By  ROBERT   BRUCE, 

AgrleuHoxal  Superintendent  to  the  Royal  Dublin  Society. 

With  Appendix  on  Preserved  Foods  by  C.  A.  Mitchexl,  B.A.,  P.LC. 

GnriRAx  Contents.— Climate  and  Soil— Drainage  and  Rotation  of 
Crops— Seeds  and  Crops— Vegetables  and  Fruits— Cattle  and  Cattle- 
Breeding— Sheep  and  Sheep  Rearing— Pigs— Poultry— Horses— The  Dairy 
—The  Farmer's  Implements— The  Settler's  Home. 

"  BEI8TLB8  WITH  rjTEORJUTIOR."— JfermeTf'  QattU$. 

"  The  work  is  one  which  will  appeal  to  those  intending  to  become  farmers  at  home 
or  in  the  Colonies,  and  who  desire  to  obtain  a  general  idea  of  the  true  principles  of 
farming  in  all  its  VKixomu,"— Journal  ofths  Royal  Colonial  Intt. 

11 A  most  readable  and  valuable  book,  and  merits  an  extensive  sale."— 5*o*tfs* 
Farmer. 

"  Will  prove  of  service  in  amy  part  oi  the  world."-  JTatur*. 

tONDON:  CHARLE8  GRIFFIN  *  CO..  LIMITED.  EXETER  STREET.  BTRAttT 

3 


$6  QHARLM3  GRIFFIN  *  OO.'S  PUaUQATIQNB. 

Fou&th  Edition,  Revised,  and  brought  thoroughly  up-to-date  by  L.  H. 

Coon,  Instructor  in  Mine  Surreying,  Roy  J  College  of  Science. 

With  Frontispiece  and  716  Illustration*.    Price  34*. 

ORE  &  STONE  MINING. 

BY 

C.  LE  NEVE  FOSTER,  D.Sc,  F.R.S., 

raoFBSaoa  cs»  miming,  royal  collbci  *f  scnwca ;  exam imi  nc  mining  to 

THS  BOARD  OF  EDUCATION. 

GENERAL  CONTENTS. 

INTRODUCTION.  Mode  of  Occurrenee  of  Minerals .— ProspecUnr.— Bortn*. 
— Breaking  Ground*— Supporting  Excavation*.—  Exploitation.— fiMtaun  or 
Transport.— Hoisting  or  winding.— Drainage.— Ventilation.— lighting.  - 


Deseent  and  Ascent.— Dressing— Principles  of  Employment  of  Mining  Labour* 
rky^W*0?  afftetlng  Mines  and  Quarries.  -  Condition  of  the  Mtn«r.- 


MDr.  fester's  book  wes  expected  to  be  BfocH-MAKWO,  and  It  faBy  }aslliss 

OUiSB.     ...     A  MOST  AJMUEAALS  aoCOUBt  of  th«  MOSt  of  ■  MIHtlTII  ofM 

saw  susikbals.  Probably  steads  irMaiVALLsg>isroeia»lifsesii  "—Thsiimi 


M  Tkis  arocx-ttAKiMo  work   .    .    .   appeals  te  msm  of  sari  si  aire  u 
"  Hue  Sfuehdld  wou."- Osiitrr,  Zteekrft,  jkr  Berg*  tmd  HUimmemm, 


ELEMENTARY    MINING    AND    QUARRYING 

(An  Introductory  Text-book).      By  Prof.  0.  L«    Neti 
Foster,  F.R.S.     With  Illustrations.  [At  Pr**si 


FOURTH   Edition,   Revised  and  Greatly  Enlarged,      With  Numerous 

Additional  Illustrations,  mostly  reduced  from   Working 

Drawings,      Price  24s.  net, 

A  TEXT-BOOK  OF  COAL-MINING: 

FOR  THE  U8E  OF  COLLIERY  MANAGERS  AND  OTHERS 
ENGAGED  IN  COAL-MINING. 

BT 

HERBERT    WILLIAM    HUGHES,   F.G.S., 

Aasoc.  Royal  School  of  Mines,  General  Manager  of  Sandwel!  Park  Colliery. 
GENERAL    CONTENTS. 

Geology.— Search  for  Coal. — Breaking  Ground.— Sinkiiig.—Prelisainary 
Operations.  —  Methods  of  Working.  —  Haulage.  —  Winding.  —  Pumping. — 
Ventilation.— Lighting.— Works  at  Surface.— Preparation  of  Coal  for  Market. 
—Index. 

"  Quite  thsbsstsook  of  its  kind  ...  as  mu,ctjcal  inaimasabookcaabo  .  .  » 
Xbe  illustration*  are  MXQ*u~K>tT."—AtA**Mvm. 

u  We  cordially  recommend  the  work."— CWAVry  Guardian, 

'*  Will  soon  come  to  be  regarded  as  the  standard  work  of  its  kind."— 8ir*mg**m 
D+ily  G*M*tu.  _^ - - 

UWON:  CHARLES  GRIFFIN  ft  GO,.  LIMITED,  EXETER  STREET,  %JW 


/  Tenth  Edition,  Revised  and  Enlarged.     "With,  Numerous  Diagrams, 

Cloth,  7b.  6dL 

r  A   TREATISE    ON    MINE-SURVEYING: 

,,  For  the  use  of  Managers  of  Minos  and  Vot/teries,  8tudente 

i;  at  the  Royal  School  of  Mine*,  do, 

BY   BENNETT   H.    B  ROUGH,    F.G.S.,  ASSOC.R.S.M., 

Formerly  Instructor  of  Mine-Surreying,  Royal  School  of  Mines. 

General  Contents.  — General  Explanations.  —  Meaiut-ement  of  Distances.  —  Miner's* 

Dial.  -  Variation  of  the  Magnetic-Needle. —  Surveying.— German  Dial.— Theodolite. — 

Taaversing    Underground.  —  Surface-Surveys.  —  Plotting    the    Survey.  —  Calculation   of 

Areas.  —  Levelling.  —  Measuring   Distances    by    Telescope.  —  Setting-out.  —  Problems. — 

4  Photographic  Surveying.  —Appendices. 

j  "Its  CLEARNBSS  of  STYLE,  LUCIDITY  of  DESCRIPTION,  and  FULNPSS  of  DETAIL  have  lon£  agOWOO 

'  for  it  a  place  unique  in  the  literature  of  this  branch  of  mining  engineering,  and  the  present  edition  fulrp- 

3  maintains  the  high  standard  of  its  predecessors.    To  the  stuacnt,  and  to  the  mining  engineer  alike,  ITS- 

)  VALU  )l  is  inestimable.    The  illustrations  are  excellent."—  The  Mining  yeut  nal. 


In  Large  Svo.    Second  Edition.    Price  10«.  6d. 

Mine  Accounts  and  Mining  Book-keeping. 

For  Students,  Managers,  Secretaries,  and  others. 
With  Examples  taken  from  Actual  Practice  of  Leading  Companies. 

BY 

JAMES  GUNSON  LAWN,  Assoc.R.S.M.,  Assoc.  Mem.Inst.C.E.,  F.Q.S., 

Professor  of  Mining  at  the  South  Africa*  School  of  Mines. 

Edited  by  C.  LE  NEVE  FOSTER,  D.Sc,  F.R.S. 

General  Contents.— Introduction.— Part  I.  Engagement  and  Pay* 
ment  of  Workmen.— Part  II.  Purchases  and  Sales.— Part  III.  Working 
Summaries  and  Analyses.  -  Part  IV.  Ledger,  Balance  Sheet,  and  Company 
Books. — PartV.  Reports  and  Statistics. 

"It  seems  impossible  to  suggest  how  Mr.  Lawir's  book  could  be  made  more  ookfuob  or 
more  yjxuablx,  careful,  and  exhaustive."— AcccuntanW  Magarint, 


In  Large  Svo,  with  Illustrations  and  Folding-Plates,     ioj.  6at 

BLASTING: 

AND    THE    USE    OF    EXPLOSIVES. 

A  Handbook  for  Engineers  and  others  Engaged  in  Mining, 
Tunnelling,  Quarrying,  &c. 

By  OSCAR  GUTTMANN,  Assoc.  M.  Inst.  C.E. 

Member  ef  the  Societies  of  Civil  Engineers  and  Architects  of  Vienna  and  Budaf+n\ 
Corresponding  Member  o/tke  Imp.  Roy,  Geological  Institution  of  Austria,  *v. 
'•  This  ADimuBU  work."— Colliery  Guardian. 

*'  Should  prove  a  vade-mecum  to  Miniag  Engineers  and  all  engaged  in  practical 
—Ire*  and  Coal  Trades  Review. 

LONDON:  CHARLE8  GRIFFIN  «  CO.,  LIM1TEB,  EXETEfi  STREET,  &TRAN01 


58  CHARLES  QRIPPIN  «ft  00:S  PUBLIC  A  T10N8. 

In  Crow*  Svo.     Handsome  Cloth.     With  Numerous  Illustration*. 
6s.  net. 

ELECTRICAL  PRACTICE  IN  COLLIERIES. 

By  D.  BURNS,  M.E.,  M.Ikbt.M.E., 

Certificated  Collier/  Manner,  and  Lecturer  on  Mining  ami  Geology  to  the  Glasgow  Mid  Wast  of 
Scotland  Technical  CM  lege. 

Units  of  Measurement,  Conductors,  Ac.  —The  Theory  of  the  Dynamo.  —The 
Dynamo,  Details  of  Construction  and  Working.— Motors.— Lighting  Installa- 
tions in  Collieries.  —  Pumping  by  Electricity.  —  Electrical  Haulage.  —  Coal 
Cutting.— Miscellaneous  Applications  of  Electricity  in  Mines.— Index. 

"A  clear  and  concise  introduction  to  electrical  practice  iu  collieries/'— Misting 
Journal. 


Seco.nd  Edition.     Large  Crown  8to.    Handsome  Cloth.    With  over 
520  Illustrations  in  the  Text.     12s.  6d. 

PRACTICAL  COAL-MINING: 

A    MANUAL     FOB     MANAGERS.     UNDER-MANAOERS, 
COLLIERY    ENGINEERS,    AND    OTHERS. 

With  Worked  out  Problems  on  Haulage,  Pumping,  Ventilation,  <fec 

By  GEORGB  L.   KERR,   M.E.,   M.Inst.M.E. 

"An  ewbxtiallt  practical  woaK,  and  can  be  confidently  recommended.  No  department 
of  Coal-Mining  has  been  oYerlooked."— /ftiafaeers"  Ocmetu. 

*'ThIs  book  just  kbits  the  wants  of  Students  preparing  for  the  Colliery  Managers'  Bsasaia- 
mlons.  I  hare  decided  to  use  it  for  oar  classes  here.  .  .  .  We  have,  I  beliere  the  Isrgot 
atinlng  class  In  Great  Britain."— TAe  Principal  o/a  Training  OoUtgt. 


ELEMENTARY  COAL-MINING  :  For  the  Use  of  Stadents,  Miners,  and 

others  preparing  for  Examinations.    By  Gborok  L.  Kerr,  M.E., 

M.Inst.M.E.,  Author  of  " Practical  Coal- Mining."    In  Crown  8vo. 

Handsome  aoth.     With  200  Illustrations.     3s.  6d. 

"An  abundance  of  information  con reyed  in  a  popular  and  attractive  form.    .    .    .    Will  be 
of  great  uee  to  all  who  are  in  any  way  interested  In  coal  mining."— Scottish  Critic 


Second  Edition.     With  Illustrations.    Cloth,  3*.  6rf. 

GETTING    GOLD: 

A  GOLD-MINING  HANDBOOK  FOR  PRACTICAL  MEN. 
Br  J.   0.   F.   JOHNSON,  F.G.S.,   A.LM.R, 

life  Member  Australasian  Mine-Managers'  Association. 
Gxnbral  Cobttbnts.— Introductory :  Prospecting  (Alluvial  and  General) — 
Lode  or  Reef  Prospecting— GenesiologT  of  Gold— Auriferous  Lodes— Drifts- 
Gold  Extraction— Lixivia^ion— Calcination— Motor  Power  and  its  Transmission 
—Company  Formation  —  Mining  Appliances  and  Methods  —  Austt^alasisA 
Mining  Regulations. 

'Paactioal  from  beginning  to  end   .    .    .    deals  thoroughly  with  the  ProspeoMafc 
,  Crushing,  and  Bxtraouon  of  gold."— Brit.  Axutratasian. 


LONDON:  CHARLES  QRIFFIH  ft  CO..  1 1  Ml  TED.  EXETER  STREET.  8TRAML 


With  Plates  and  Illustrations.    Handson 

THE  CYANIDE  PROCESS  OF  GC 

A  Text-Book  for  the  Use  of  Meta/lurgis 
Schools  of  Mines ,  dc 

By    JAMES    PARK,   F.G.S., 

Professor  of  Mining  and  Director  of  the  Otago  University 

Thames  School  of  Mines,  and  Geological  Surveyo 

to  the  Government,  of  New  Zea 

Third  English  Edition.      Thoroughly  Revise 

With  additional  details  concerning  the  £ 

recent  processes. 

Contents.— The  Mac  Arthur  Process. — Chen 

Laboratory  Experiments. — Control  Testing  and 

Appliances  for  Cyanide  Extraction. — The  Actual 

Application  of  the  Process.— Leaching  by  Agiti 

of  Gold. — The  Siemens- Halske  Process. — Other  < 

dotes  for  Cyanide  Poisoning. — Cyaniding  in  Nev 

"  Mr.  Park's  book  deserves  to  be  ranked  as  amongst  th 
ON  THIS  SUBJECT."— J/tmn^  Journal. 


At  Paes*.      With  Numerous  Plates,  Map,  . 

CYANIDING  GOLD  &  SI 

A   Practical  Treatise  on  the  Cyanide  Pro 
Methods  of  Working,  Design  and  ( 
Plant,  and  Costs. 


By    H.   FORBES   JUL 

Mining  and  Metallurgical  Eupineer ;  Specialist  in  Gold :  I*  I 
Deutsche  Gold  uud  Silber  Scheide  Anstalt,  Frai  ! 

And  EDGAR  SMART,  A.!. 

Civil  and  Metallurgical  Engineer. 

%*  This  book  deals  with  the  Cyanide  Process  from  Techni  i 

E »ints  of  view.    It  is  adapted  for  the  Use  of  Directors,  Mai  i 
ines  and  Metallurgical  Work*,  Mining  Engineers,  Meta 
Working  Cyanidcro,  and  Student*. 


In  Crown  Svo.    Illustrated.    Fancy  Cloth 

GOLD  SEEKING  IN  SOU 

A  Handbook  of  Hints  for  intending  Exp 
and  Settlers. 

By    THEO    KASS* 

Mine  Manager,  Author  of  the  Geological  Sketch  Map  of  I, 
With  a  Chapter  on  the  Agricultural  Prospn 

Abstbaot  of  Contests  —History.  — Geolog v.—  Prospecting 
— Komati  and  Swaziland.— Cost  of  Mining,  Native  Labour, 
Zoutspanberg.  —  Witwatersrand.  —  Other  Goldftolds.  —  Gen 
olusioos.— Agricultural  Prospects,  Tables,  Index,  Ac. 

"As  fascinating  In  its  way  as  anything  ever  penned  b 
manages  to  impart  h!a  informat  on  in  a  way  that  enables  li 
Of  the  dullest,  —  African  Oomtntru. 

IDHDON:  CHARLES  GRIFFIN  *  CO.,  LIMITED,  EXI 


4b  CBARLV8  Q&1FFIS  A  CO.'S  PUBLICATIONS. 

At  Press.    Large  8vo.    Handsome  Cloth.    With  Illustrations. 

METALLURGICAL  ANALYSIS  &  ASSAYINC: 

A    THREE    YEARS*    COURSE 

FOR  STUDENTS   OP  SCHOOLS   OF  MINES. 

By  W.  A.  MACLEOD,  B.A.,  B.Sa,  A.O.S.M.  (N.Z.), 

ist. -Director,  Thames  School  of  Mines  (N.Z.),  and  Lecturer  In  Chemistry,  I  _ 
ania ;  Director  of  Queensland  Gorernment  School  of  Mines,  Charters  Towers ; 

And  CHAS.  WALKER,  F.C.S., 

nonstrator  in  Chemistry,  Sydney  Univen 
and  Metallurgy,  Charters  Towers  School  c 

Part      L— Qualitative    Analysis    and    Preparation     and 

P&opkrtibs  of  Gases. 
Part    IL—  Qualitative  and  Quantitative  Analysis. 
Part  III.— Assaying,    Technical    Analysis    (Gas,    Water, 

Fuels,  Oils,  &c). 


Formerly  Assist. -Director,  Thames  School  of  Mines  (N.Z.),  and  Lecturer  in  Chemistry,  University 
ofTaamanf      ™ -----  --" ■---»  "-- «-»     •  --«■--     ~ 

Formerly  Aasist.-Demonstrator  in  Chemistry,  Sydney  University ;  Lecturer  In  Chemistry 
-  —     *       -  ~  ■     i  of  Mil 


%*  "  The  aim  of  this  work  is  to  provide  the  student  with  a  graded  course  of  work  leading 
■om  Simple  Quantitative  Analysis  up  to  the  Technical  Quantitative  Methods.  It  hat 
*een  specially  prepared  to  meet  the  requireme  ts  of  Schools  of  Mines,  and  more  especially. 


of  those  in  the  Colonies,  the  subject  matter  having  been  selected  to  cover  a  three  yean" 
laboratory  coarse.*— Extract  from  Author's  Pre/ace. 


Third  Edition.    With  Folding  Plates  and  Many  Illustration*.     90s. 
ELEMENTS     OF 

METALLURGY. 

A  PRACTICAL  TREATISE  ON  THE  ART  OF  EXTRACTING  METALS 

FROM  THEIR  ORES. 

By  J.  ARTHUR  PHILLIPS,  M.Inbt.O.E.,  F.C.S.,  F.G.S.,  <kc, 

And  H.  BAUERMAN,  V.P.O.S. 

General  Contents.  —  Refractory  Material*.—  Fire-Clays.  —  Fuels,  &c.— » 
Aluminium.  —  Copper.  — Tin.  —  Antimony.  —  Arsenic.  —  Zinc.  —  Mercury.  — 
Bismuth.  -Lead.— Iron.— Cobalt.  —Nickel— 8ilver.— Gold.—  Platinum. 

"  Of  the  Third  Edition,  we  are  still  able  to  say  that,  as  a  Text-book  of 
Metallurgy,  it  is  the  best  with  which  we  are  acquainted.1'— Engineer. 

*  A  work  which  is  equally  valuable  to  the  Student  as  a  Text-book,  and  to  the 
practical  Smelter  as  a  Standard  Work  of  Reference.  .  .  .  The  Illustrations 
are  admirable  examples  of  Wood  Engraving."— Chemical  New*. 


THE  MINING  ENGINEERS'  REPORT  BOOK  AND  DIRECTORS' 

AND  SHAREHOLDERS'  GUIDE  TO  MINING  REPORTS.  By 
Edwin  R.  Field,  M.Inst. M.M.  With  Notes  on  the  Valuation  of 
Mining  Property  and  Tabulating  Reports,  Useful  Tables,  &c,  and 
provided  with  detachable  blank  pages  for  MS.  Notes. 

"  An  admirably  compiled  book  which  Mining  Engineers  and  Managers  will  ted 
ItmLY  useful. M— Mining  Journal. 


LONDON:  CHARLES  6RJFFJN  &  CO.,  LIMITED,  EXETER  STREET,  STRAW 


Second  Edition.     In  Preparation.    In  Two  Volumes,  Large  8vo.     With 
Numerous  Mope,  Plates,  and  Illustrations  in  the  Text.    Price  45*. 

PETROLEUM 

AND    ITS    PRODUCTS: 

A    PRACTICAL    TREATIBE. 
By    Dr.     BOVEBTON    EEDWOOD, 

F.B.S.E.,  F.I.O.,  Assoo.R.0.8., 

flan.  Oorr.  Hem.  of  the  Imperial  Banian  Technical  Society;  Mem.  of  the  America*  Chemical 

Society ;  Adviser  to  toe  Home  Office  and  to  the  Corporation  of  London  ander  the 

Petroleum  Acta,  Ac.,  Ac. 

Assisted  bt  GEO.  T.  HOLLOWAY,  F.LC,  Assoa  R.C.S., 
And  Numerous  Contributors. 

Gzhual  Oomrmrrs— L  Historical.— II.  Geological  and  Geographical  Distribution  or 
Petroleum  ani  Natural  Oaa.—III.  Chemical  and  Physical  Properties.— IV.  Origin  —V. 
Production.— VI.  Beflmxig— VIL  The  Shale  Oil  and  Allied  Industries.— VIII.  Transport, 
Storage,  and  Distribution.— IX.  Testing.— X.  Application  and  Uses.— XI.  Legislation  at 
Home  and  Abroad.— XII.  Statistics.— Imdbx. 

"The  most  comprehensive  and  convenient  ACCOUNT  that  has  yet  appeared  of  a  gigantic 
Industry  which  has  made  incalculable  additions  to  the  comfort  of  civilised  man.  —  The 
Timu. 

"  A  splendid  ooxtmbutioh  to  our  technical  literature."— Chemical  News. 


With  Plates  (One  Coloured)  and  Illustrations.    Price  8s.  6d.  net. 

A     HANDBOOK     ON     PETROLEUM. 

FOR  INSPECTORS  UNDER  THE  PETROLEUM  ACTS, 

And  for  those  engaged  in  the  Storage,  Transport,  Distribution,  and 

Industrial  Use  of  Petroleum  and  its  Produots,  and  of  Calcium 

Carbide.     With  suggestions  on  the  Construction  and 

Use  of  Mineral  Oil  Lamps. 

By   CAPTAIN   J.    H.    THOMSON, 

H.M.  Chief  Inspector  of  Explosives, 

AND 

D».  boverton  redwood, 

Anthor  of  "  Petroleum  and  its  Products." 

Contents.— I.  Introductory.— II.  Sources  of  Supply.— III.  Production.— IV.  CoemicallPro- 
dnete,  Shale  Oil.  and  Coal  Tar.-V.  Flash  Point  and  Fire  Test.-VI.  Testings. -VII.  Existing 
Legislation  relating  to  Petroleum. —VIII  —IX. —Precautions  Necessary. — X.  Petroleum  Oil 
Lamps.— XL  Carbide  of  Calcium  and  Acetylene.— Appendices.— Index. 

M  A  rolume  that  will  enrich  the  world's  petroleum  literature,  nnd  render  a  service  to  the 
British  branch  of  the  industry.  .  .  .  Reliable,  indispensable,  a  brilliant  contribution."— 
Petroleum, 


THE  PETROLEUM  LAMP:  Its  Choice  and  Use.  A  Guide 
to  the  Safe  Employment  of  Mineral  Oil  in  what  is  commonly  termed 
the  Paraffin  Lamp.  By  Capt.  J.  H.  Thomson  and  Dr.  Boverton 
Redwood.    Popular  Edition,  Illustrated.     Is.  net. 

"  The  book  contains  a  great  deal  of  interesting  reading,  much  of  which  is  thoroughly  practical 
and  useful.  It  is  a  work  which  will  meet  every  purpose  for  which  it  has  been  written."— 
Petroleum. 
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INTRODUCTION   to   the    STUDY  of  METALLURGY. 

By  the  Editor.     Fifth  Edition.     i8s.    (Seep.  63.) 

GOLD  (The  Metallurgy  of).  By  Thos.  Kirke  Ross. 
D.S&,  Assoc.  R.S.M.,  F.I.C.,  Chemist  and  Assaycr  of  the  Royal 
Mint.    Fourth  Edition.    21s.    (Seep.  63.) 

XJSAD  AND  SILVER  (The  Metallurgy  of).  By  H.  F. 
Collins,  AssoaR.S.M.,  M.InstM.M.  Part  I.,  Lead,  16s;  Part 
II.,  Silver,  16s.    (See  p.  64.) 

IB  ON   (The  Metallurgy  of).   By  T.   Turner,  A.R.S.M., 

F.I.C.,  F.CS.    Second  Edition,  Revised.     16s.    (See  p.  65.) 

STEEL  (The  Metallurgy  of).  By  F.  W.  Harbord, 
Assoc.  R.S.M.,  F.I.C.,  with  a  Section  on  Mechanical  Treatment  by 
J.  W.  Hall,  A.M.Inst.,  C.E.     (See  p.  65.)  {Ready  shortly. 


Witt  be  PubUsktd  mi  S**ri  InUtvb* 

METALLURGICAL  MACHINERY :  the  Application  of 
Engineering  to  Metallurgical  Problems.  By  Hrnrt  Charles  Trnkins, 
Wh.Sc,  AssocR.S.M.,  Assoc. M. Inst. C.E.,  of  the  Royal  College  of 
Science,  (See  p.  64V 
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GRIFFIN'S   METAIiliUBQICAI,  SERIES. 

Edited  bt  SIR  W.  ROBERTS-AUSTEN,  K.C.B.,  F.R.8.,  D.GL 

In  Large  8vo.    Handsome  Cloth,     With  Illustration*. 


In  Two  Volumes,  Each  Complete  in  Itself  and  Sold  Separately. 

THE  METALLURGY  OF  LEAD  AND  SILVER. 

Br  H.  F.  COLLINS,  Assoc.R.S.M.,  M.Ihst.M.M. 

Part     I.-LEAD: 


A  Complete  and  Exhaustive  Treatise  on  the   Manufacture  of 
with  Sections  on  Smelting  and  Desilverisation,  and  Chapters  on  the 
Assay  and  Analysis  of  the  Materials  involved.    Price  16& 

8UMMABY  or  Contents.— Sampling  and  Assaying  I*ed  and  Silver— Properttea  and 
Oompounds  of  Lead.— Lead  Ores.— Lead  Smelting.— Reverberatories.— Lead  SmeJtteg  la 
Hearths.— The  Roasting  of  Lead  Ores.— Blast  Furnace  Smelting;  Principles,  Praeties, 
and  Examples;  Products.— Flue  Dust,  its  Composition,  Collection  and  Treatment.— 
<?osta  and  Losses,  Purchase  of  Ores.— Treatment  of  Zinc,  Lead  Sulphides,  Desttverfttatkm, 
-Softening  ani  Refining.— The  Pattinson  Process.— The  Partes  Process.— CupeUatton  and 
Refining,  Ac,  Ac 

"A  thorouohlt  sound  and  useful  digest.  May  with  TORT  OONFIDMOM  fee 
recommended."— Mining  Journal. 


Part     11,-SILYER. 

Comprising  Details  regarding  the  Sources  and  Treatment  of  Silver 
Ores,  together  with  Descriptions  of  Plant,  Machinery,  and  Processes]  of 
Manufacture,  Refining  of  Bullion,  Cost  of  Working,  &c.    Price  Ife. 

SUMMARY  of  Contentb. —Properties  of  Silver  and  its  Principal  Compounds.— Silver 
Ores.— The  Patio  Process.— The  Kaxo,  Pondon.  Krohnke,  and  Tina  Processes.— The  Pan 
Process.— Roast  Amalgamation.— Treatment  of  Tailings  and  Concentration.— Retorting, 
Melting,  and  Assaying  — Chloridising-Roasting.— The  Augustin,  Clandet,  and  ZiervogeJ 
S?roces8e3.— The  Hypo-Sulphite  Leaching  Process.— Refining.— Matte  Smelting.— PyritJc 
Smelting.— Matte  Smelting  in  Re  verberatories.— Silver-Copper  Smelting  and  Refining.— 
fXDBX. 

"  The  author  has  focussed  A  larob  amount  of  valuable  information  Into  a 
<son ren lent  form.  .  .  .  The  author  hns  evidently  considerable  practical  experience,  * 
«nd  describes  the  various  processes  clearly  and  well,  —ifimny  Journal. 


METALLURGICAL"  MACHINERY : 

The  Applloation  of  Engineering  to  Metallurgical  Problems. 

Br  HENRY    CHARLES    JENKINS, 

Wh.Sc,  Atsoc.R.SM.,  A»mc.M.In*t.C.B. 
LONDON:  CHARLES  WttffIN  &  CO,  UMiTED,  EXETER  STREET,  8TSJS* 
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Ready  Shobtly.    With  Numerous  Illustrations.     Large  8vo. 
Handsome  Cloth. 

THE  METALLURGY  OF  STEEL. 

By  F.   W.  HARBORD,  AssocRS.M.,  F.I.C., 

Consuming  Metallurgist  and  Analytical  Chemist  to  the  Indian  Government, 
Royal  Indian  Engineering  College,  Coopers  Hill. 

With  over  40  Plates,  500  Illustrations  (comprising  nearly  100  Micro- 
Sections  of  Steel),  Diagrams  of  Plant  and  Machinery,  reduced 
from  Working  Drawings,  and  a  Section  on  Mill  Practice 

By    J.    W.    HALL,    A.M.Inst. C.E. 


Abridged  Contents.— The  Piant,  Machinery,  Methods  and  Chemistry  of  the  Bessemer 
and  of  the  Open  Hearth  Processes  (Acid  and  Bisio.— The  Mechanical  Treatment  of  Steel 
comprising  Mill  Practice,  Plant  and  Machinery.  —  The  Influence  of  Metalloids,  Meat 
Treatment,  Special  Steels,  Micio^tructure,  Testiug,  and  Specifications. 


Second  Edition,  Revised.    Price  16s. 

THE  METALLURGY  OF  IRON. 

By  THOMAS  TURNER  Assoc.R.S.M.,  F.I.C., 

Professor  of  Metallurgy  in  the  University  of  Birmingham. 
In  Large   8vo,  Handsome   Cloth,  With   Numerous   Illustration* 

(MANY  FROM  PHOTOGRAPHS). 


0m*r*l  CV*i«*<*.— Early  History  of  Iron.— Modern  History  of  Iron.— The  Age  of  Steel. 
—Chief  Iron  Ores.— Preparation  of  Iron  Ores.— The  Blast  Furnace.— The  Air  nsed  in  the 
Blast  Furnace.— Reactions  of  the  Blast  Furnace.— The  Fuel  used  in  the  Blast  Furnace.— 
Slags  and  Faxes  of  Iron  Smelting.— Properties  of  Oast  Iron.— Foundry  Practice.— Wrought 
Iron.— Indirect  Production  of  Wrought  Iron.— The  Puddling  Process.— Further  Treatment 
of  Wrought  Iron.  -  Corrosion  of  Iron  and  Steel. 

"  A  boot  taluablb  summary  of  knowledge  relating  to  every  method  end  stage 
in  the  manufacture  of  oast  and  wrought  iron  .  .  .  rich  in  chemical  details.  .  .  . 
Exhaustive  and  thoroughly  up-to-date."— Bulletin  of  the  American  Iron 
and  Steel  Association. 

"  This  is  a  delightful  boon,  giving,  as  it  does,  reliable  information  on  s  subject 
becoming  every  day  more  elaborate.  "—Colliery  Guardian. 

''A  thoroughly  USEFUL  book,  which  brings  the  subject  up  to  date.  Of 
we  engaged  in  the  iron  industry.  * — Mining  Journal, 


gesat  Value  to  these  1 


•#*  For  Details  of  Works  on  Mining,  see  pages  55-69. 
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A    TEXT-BOOK    OF    ASSAYING: 

For  tko  uoo  of  6*tWevtt*,  Mlno  Managoro,  Aooafiro,  do. 
By  J.  J.  BERINGER,  F.I.C.,  F.GS., 

Ftbttc  Analyst  for,  sad  liftwir  to  the  Mining  Ajsotiatioa  ss\  CorawaR. 

And  C.  BERINGER,  F.C.S., 

Late  Chief  Anetyer  to  the  Rio  Unto  Copper  Coempaay,  I.  on  J  en, 

hWHb  BBBeeroue  Tables  and  Illustrations.     Crown  SVo,     Cloth,  ios.  f  d. 

Eighth  Edition. 

GSMBBAL    COKTKKTt,  —  PAJtT  I.  —    IHT*OD*CTOBT ;     MAMINFLATHMr  t     SaaoGw( 

Drying ;  Calculatioa  of  R*snlts— Laboratory-books  and  Reports.  If  BTHone  :  Dry  Gran- 
aaetnc;  Wet  Qravisssaric—  Voinatr  trie  Assays:  Titrometnc,  Coleriaetric,  Gaaometric— 
Weighing  ud  Maawiiia    Eaagwnts— Fomwlss,  Equations,  Ac— Specific  Gravity. 

Pabt  II.— Mbtals :  Detection  and  Attar  of  Stiver,  Gold,  Flntiana,  Mercury.  Copper, 
Lead,  TValtiiun,  BiasutfjL  Antimony,  Iron,  Nickel,  Cobalt,  Zinc,  Cadahna,  Tie,  Tungsten, 


Tjfantum,  Manganese,  Chromium,  Ax.— Earths,  Alkalies. 

Past  III.— Non-Metali  :  Oxygen  and  Oxides;    The  Halogens    Surphnr  and  Sol* 
nasatsa    Arsfir,  Phosphorus,  Nitrogen— Silicon,  Carbon,  Bona— Useful  Tables. 

"  A  azAixv  MB9UTOUOVS  wok,  that  stay  be  safely  depended  upon  either  for  systematic 
i—liiiiliiin  or  for  reference. "—N**wr*. 

"This  work  is  one  of  the  best  of  its  kind."— JfrtfiWrr. 

Third  Edition,  Revised.    Handsome  Cloth.     With  Numerous 
Illustrations.    6s. 

A     TEXT-BOOK      OF 

ELEMENTARY   METALLURGY. 

Including  the  Author's  Practical  Laboratory  Coursr. 
By    A.    HUMBOLDT    SEXTON,    F.I.C.,  F.C.S., 

Professor  of  Metallurgy  in  the  Glasgow  and  West  of  Scotland  Technical  College. 
GENERAL  CONTENTS.— Introduction.  —Properties  of  the  Metals.— Comtmstkm. 
—Fuels.— Refractory  Material.—  Furnaces.— Occurrence  of  the  Metals  in  Nature. — 
Prtptration  of  the  Ore  for  the  Smelter. — Metallurgical  Processes.— Iron. — Steel. — 
Copper.—  Lead.— Zinc  and  Tin.— Silver.—  Gold.— Mercury.— Alloye.— Application* 
of  Electricity  to  Metallurgy.—  Labobatoby  Counsr. 

"  Just  tbe   kind  of  work   for   Students  commbhoixq   the   study   of  Metal, 
lurgy  or  for  Enqmbbrwo  Student*,"— Practical  Engineer. 
"Excbllbbtlt  got-up  end  WKLL-ARRAHQBD. "—  Chemical  Trade  Journal. 


In  Large  8vo.     Handsome  Cloth.    Prioe  4a. 

TABLES    FOR 

QUANTITATIVE  METALLURGICAL  ANALYSIS. 

FOR   LABORATORY  USE. 

ON  THE  PRINCIPLE  OF  "GROUP"  SEPARATIONS. 

By  J.  JAMES    MORGAN,  P.O.S.,  M.S.C.I. 

"The  Author  may  be  cowasuTCLATBD  on  the  way  his  work  has  been  carried  oat" 
Ths  Engineer. 

•  Will  commehd  rrsur  highly  in  Laboratory  Praotloe.    Its  < 
t  the  book  out  as  a  highly  useful  on*."— Mining  Journal. 
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ELECTRO-MBTALLUBQY,  ETC.  67 

Sacoxo  Edition,  Revised,  Enlarged,  and  in  part  Re-written. 

With  Additional  Sections  on  Modern  Theories  or  Electrolysis 

Costs,  &c    Price  10s.  6d. 

A  TREATISE   ON 

ELECTRO-METALLURGY: 

Bmbracing  the  Application  of  Electrolysis  to  the  Plating,  Depositing, 
Smelting,  and  Refining  of  various  Metals,  and  to  the  Repro- 
duction of  Printing  Surfaces  and  Art- Work,  4c. 

WALTER  G.    MCAIILLAN,   F.I.C.,   F.C.S., 

Secretary  to  the  Institution  of  Electrical  Engineers;  late  Lecturer  in  Metallurgy 
at  Mason  College,  Birmingham. 

With    numerous   Illustrations.        Large   Crown    8vo.        Cloth. 

••This  excellent  treatise,  .  .  .  one  of  the  best  and  most  oompletk 
manuals  hitherto  published  on  Electro-Metallurgy."— Electrical  Review, 

••  This  work  will  be  a  standard."— Jeweller. 

••Any  metallurgical  process  which  reduces  the  cost  of  production 
must  of  necessity  prove  of  great  commercial  importance.  .  .  .  We 
recommend  this  manual  to  all  who  are  interested  in  the  practical 
application  of  electrolytic  processes. w — Nature. 


In  large  8vo.     With  Numerous  Illustrations  and  Three  Folding-Plates. 

Price  21s. 

ELECTRIC  SDLTITO  &  REPIOTfr: 

A  Practical  Manual  of  the  Extraction  and  Treatment 

of  Metals  by  Electrical  Methods. 

Being  the  "  Elejltiw-Mbtallukgie  "  of  Dr.  W.  BORCHERS. 

Translated  from  the  Second  Edition  by  WALTER  G.  M'MILLAN, 
F.I.C.,  r.c.8 


CONTENTS. 

Part  I. — Alkalies  and  Alkaline  Earth  Metals:  Magnesium, 
Lithium,  Beryllium,  Sodium,  Potassium,  Calcium,  Strontium,  Barium, 
the  Carbides  of  the  Alkaline  Earth  Metals. 

Part  II.  —  Thk  Earth  Mitals:  Aluminium,  Cerium,  T<anthannm, 
Didymium. 

Part  III.— The  Heavy  Metals  :  Copper,  Silver,  Gold,  Zinc  and  Cad- 
mium, Mercury,  Tin,  Lead,  Bismuth,  Antimony,  Chromium,  Molybdenum, 
Tungsten,  Uranium,  Manganese,  Iron,  Nickel,  and  Cobalt*  the  Platinum 
Oroup. 

'  OOMPBSHSHBIVE  and  AUTHOBI* ATITS    .     .     .     not  Only  FULL  Of  VALUABLE  IBTOE- 

xatios,  but  gire«  evidence  of  a  vhobouoh  insight  into  the  technical  value  and 
POSSmniTlES  of  all  the  methods  discussed/'— The  Electrician. 

11  Dr.  BOEOHBBS'  WBLL-EXOWH   WOBK    .     .     .     must  OF  BBOBSSRY  SB  AOQOTBBP  by 

•every  one  interested  in  the  subjeot.   Excbllbktlt  pnt  into  English  with  additional 
Matter  by  Mr.  M'Millah."- Nature. 
"  Will  be  of  sebat  8EBYI0S  to  the  practical  man  and  the  Student."— Jtsefrfc  JtaeJNay. 
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D5  vuAKuma  k* nun  is*   m  uv.  a  ruBAMiKsjLiivna. 

Jn  Large  4to,  Library  Style,    Beautifully  RluUrated  with  BO  Plates, 
many  in  Colour*,  and  94  Figure*  in  the  Text. 

PRECIOUS    STONES 

Their  Properties,  Occurrence*,  and  Ua 


A   Treatise  for  Dealers,  Manufacturers,  Jewellers,  and  for  oil 
Collectors  and  others  interested  in  Gems* 

By  Dr.  MAX  BAUER, 

FrofeMor  in  the  Inireralty of  Marburg, 
Translated  bt  L.  J.  SPENCER,  M.A.  (Caktab.),  F.G.S. 


General  Contknts.— General  Properties  of  Gems:  Their  Natural  Characters, 
Occurrence,  Application,  and  Uses.— Detailed  Description  of  Particular  Q«ma:  The 
Diamond,  Kublos,  Sapphires ;  Emeralds,  Tourmalines,  and  Opals ;  Felspars,  Amphiboles, 
Malachite.— .Non-mineral  Gems:  Amber,  Ac— Optical  Features,  Transparency,  Trans 
lueency,  Opacity,  Refraction  and  Dispersion,  Ac— Appbhdix  :  Pearls ;  Coral. 


In  Large  Crown  8vo.     With  Numerous  Illustration*.    8*.  6a\ 

The  Art  of  the  Goldsmith  and  Jeweller 

A  Manual  on  the  Manipulation  of  Gold  and  the,  Manu- 
facture of  Personal  Ornaments. 

Bt    THOS.    B.    WIGLEY, 

Headmaster  of  the  Jewellers  and  Silversmiths'  Association  Technloal 
School,  Birmingham. 

ASSISTED  BT 

J.    H.    STANSBIE,    B.Sc.  (Lofd.),    F.I.O., 

Lecturer  at  the  Birmingham  Municipal  Technical  School. 


Gktteral  Contf.sts.— Introduction.— The  Ancient  Goldsmith's  Art.— Metallurgy  of 
Oold.—  Prices,  Ac— Alloys.  -Melting,  Rolling,  and  Slitting  Gold.— The  workshop  and 
Tools.— Wire  Drawing.  — Rings.— Chains  and  Insignia. —Antique  Jewellery  and  its 
RcvWal.— Etruscan  Work.— Precious  8tohw.— Cutting.— Polishing  and  Finishing,— 
Chasin?,  Embossing,  and  Repousse*  Work.— Colouring  and  Finishing.— bameaiing.^ 
Engraving.— Moulding  and  Casting  Ornaments,  Ac— Fluxes.  Ac— Racorery  of  the 
Precious  Metals.— Banning  and  Assaying.— Gilding  and  Electro  reposition.—  HaJl- 
Marking.— Miscellaneous.— Appendix.  ' 
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?•  CHA  RLES  ORIFFIN  ii  CO.  'S  P  UBUCA  TI0N8. 

A  8H0ET  MANUAL  07 

INORGANIC  CHEMISTRY. 

BY 

.    A.   DUPR&  Ph.D.,  F.R.S., 

AND 

WILSON    HAKE,  Ph.D.,  F.I.O.,  F.C.S., 

Of  the  Westminster  Hospital  Medical  School 
Third  Edition,  Revised,  Enlarged,  and  Re-issued.    Price  6s.  net 

*'  A  wcl-writtea,  deer  and  accurate  Klemcntarr  Manual  of  Inorganic  Ckm 
"We  agree  heartily  with  the  system  adopted  by  Da.  Dusts'  and  Hake.  Will 
afam-AL  Wo«  TaaaLT  urraxasTiwa  bbcauss  inTKLLiGi9LM."—Smim ydmy  R< 


'  There  is  no  question  that,  given  the  paaracr  cbouhdimg  of  the  Student  b  Bis 

the  remainder  cornea  afterwards  te  him  in  a  maimer  much  more  ample  aad  easily  *   ^ 

The  work  u  ax  examflb  of  thb  adtamtaobs  or  ths  Systematic  Tsbmbbjmi  of  a 
*Sowiice  over  the  fragmentary  style  so  geaeratty  followed.  Br  a  lomo  wat  tsb  bbst  cf  aha 
email  Manuals  far  fendeots/— ^m«6«*. 


tABORATORY  HANDBOOKS  B7  A  HUMBOLDT  SEXTOK. 

Profaator  of  Metallurgy  in  the  Glasgow  and  Wast  of  Sootlaad  TeohnJoal  CoUesja, 


OUTLINES   OF   QUANTITATIVE   ANALYSIS. 

FOR  THB  USB  OF  ST  V DENTS. 

With  Illustrations.    Fourth  Edition.    Crown  8vo,  Cloth,  Ja. 

'*  A  oomfact  labosutobt  quids  for  beginneri  was  wanted,  and  the  want  has 
t*en  wbll  surrusD.    ...    A  good  and  useful  book."— Xowort. 


OUTLINES  OF  QUALITATIVE  ANALYSIS. 

FOR  THB  USB  OF  STUDENTS. 
With  Illustrations.   Fourth  Edition,  Revised.   Crown  8vo,  Ctoth,  la,  ti. 
•'  Ths  work  of  a  thoroughly  practical  chemist. w— Brtftjt*  MtSed  Journal 
«■  Oompiltd  with  graat  oars,  and  will  supply  a  want,"— Jowr**l  of  £mmcm*m± 


ELEMENTARY   METALLURGY: 

Inoluding   the  Author*!  Practical  Laboratory  Oraree.     With 

IUoatrations.  [See  p.  6*1 

Thisd  Edition,  Revised.    Crown  8to.    Cloth,  6s. 
"••  last  the  kind  of  work  for  students  commencing  the  study  of  nmtaDnrfj.0-. 
FroWtcaJ  Bngvuer. 
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CHEMISTRY    FOR    ENGINEERS 
AND    MANUFACTURERS. 

A  PRACTICAL  TEXT-BOOK. 

BT 

BERTRAM   BLOUNT,    and  A.  G.  BLOXAM, 

F.I.O-  F.O.B.,  Aawclnrt-OE.,  F.LC,  F.O.B., 

Consultinf  Chemist  to  the  Crown  Afents  for  Consultinf  Chemist,  Head  of  the  Chemists* 

the  Golonlea.  Department,  Goldimltha*  Insk, 

New  Cross. 

In  Two  Vols.,  Large  8vo.    With  Illustrations.    Sold  Separately. 


"The  authors  hare  succbidbd  bejrond  all  expectations,  and  hare  prodaeed  a  work  whfteti 
should  giTe  rnMH  rows*  to  the  Engineer  and  Manufacturer."-- Th$  Timu. 


VOLUME    X.      Px»io*»  XOss.  ed. 

CHEMISTRY  OP  ENGINEERING,  BUILDING,  AND 

METALLURGY. 

General  Co/ttotf*.— INTRODUCTION— Chemistry  of  the  Chief  Material* 
of  Construction— Sources  of  Energy— Chemistry  of  Steam-raising— Chemis- 
try of  Lubrioatlon  and  Lubricants— Metallurgical  Processes  used  In  the 
Winning  and  Manufacture  of  Metals. 

'*  Pbactical  throughout   ...    an  admirablr  tbxt-rook,  useful  not  only  to  Student* 
twit  to  Brqirrrrs  and  Maragrrb  or  works  in  pebtistiwo  wastb  and  ixfroyiro  i 


'Bxirrrtlt  practical."—  Olaagcw  HtrdUL, 

"  A  book  worthy  of  high  rark  .  .  .  ita  merit  is  great  .  .  .  treatment  of  the  subject 
•f  oabboub  fdbl  particularly  good.  .  .  .  Watbr  oas  and  the  production  clearly  worked  out. 
.  .  .  Altogether  a  moat  creditable  production.  Wi  warmly  rbcomkbhd  it,  and  look  forward 
with  keen  interest  to  the  appearance  of  Vol.  U."— Journal  o/Ga$  Lighting. 

VOLUME:    II.       Prloe    lea*. 

THE    CHEMISTRY    OP    MANUFACTURING 

PROCESSES. 

General  Contents.  —Sulphuric  Add  Manufacture— Manufacture  of  Alkali, 
fco.— Destructive  Distillation -Artificial  Manure  Manufacture— Petroleum 
—Lime  and  Cement— Clay  Industries  and  Glass  -Sugar  and  Starch— Brewing 
and  Distilling— Oils,  Resins,  and  Varnishes— Soap  and  Candles— Textiles 
and  Bleaching  —  Colouring  Matters,  Dyeing,  and  Printing  —  Paper  and 
Pasteboard— Pigments  and  Paints— Leather,  Glue,  and  Slie— Explosives 
and  Matches— Minor  Chemical  Manufactures. 

44  Certainly  a  oood  and  ubrhtl  book,  constituting  a  practical  ovrns  for  students  by 
affording  a  clear  conception  of  the  numerous  processes  as  a  whole."— Chtmieal  Trmm 
Journal. 

"We  oojcnDRRTLT  rbcokxrvd  this  Tolume  as  a  pbactical,  and  not  OYertoedsd, 
vbxt-book,  of  easAT  yalub  to  students."— Tk§  BviUUr. 
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CUMJBmv  wmMmwMM  m  w.  a  s-v mmumwwaB. 
Ju«r  Out.    Fifth  Edition,  Thoroughly  Revised,  Greatly  Enlarged  and 


With  additional  Tabfee,  Plata,  e«d  Hh»trs4som    *3a. 

FOODS! 

THEIR  COMPOSITION  AND  ANALYSIS. 

Bt  A.  WYNTER  BLYTH,  M.R.C.S.,  F.IC,  F.C.S., 

Serrteter*t  Law,  Public  Analjet  for  the  Ooasuy  of  Dot**,  an* 
Medical  Officer  of  Health  for  St  Maryletone. 

Aro  M.  WYKTBR  BLYTH,  B.A.,  B.f3c.,  F.C.8. 


Gekkbal  Contents. — History  of  Ad n Iteration.  —  Legislation. — Ap- 
paratus.—".Ash."—  Sugar.  — CcssreotiosKry.  —  Hooey.  —  1  easel*.  — Jams 
and  Preserved  Fruits.— Starchea.  —  TV heaten-Flour.  —Bread.  —  Oats.— 
Barley.— Rye.— Bice.  —  Make.—  Millet.  —  Potato.  —Peas.  —  Lentils.— 
Beans. — Milk.— Cream. —Butter.  —  Oleo-Margarine.  —  Cheese.— Lard.  — 
Tea.  —Coffee.  —  Geoo*  «nd  Chocolate.  —  AlOCHIOl.  —  Baasidir.  — Rosa.— 
Whisky.  —Gin.  —Arrack . —Liqueurs . — Al  sinthe. — Yeaat . — Beer. — Wine. 
—  Vinegar. —  Lemon  and  Lime  Juioe.—  Mustard.— Pepper.—  Sweet  and 
BitterAlmonde.—Annatto.—OliTe  Oil.— Water  Analysis.— Appendix: 
Adulteration  Acts,  Ac. 

'"ftaeJy  avBasfeaaaaisi  In  the  Analyst's  artmsisij"    Tfli  Aeseel. 

hImw  edition  of  Mr.  Wynter  SWth'i  Standard  work,  aaaicnan  with  ail  m  sbcbst 
PUCOTUJB8  amd  mnoTxiaim,  will  be  accepted  «•  a  psen.'*»-ca«ei*cai  DTem. 


.    InLargeB^,  Qot^wifchTaiikeaikl 
Prioetes. 

POISONS: 

THEIR  EFFECTS  AND  DETECTION. 

Bv  A.  WYNTER  BLYTH,  M.R.C.S.,  F.I.C.,  F.O.S., 

Barrlster-at-Law,  Public  Analyst  for  the  County  of  DeTon,  and 
Medical  Officer  of  Health  for  St  Marytebene. 

OSmnLaX  OONT1CNYH. 
L— Historical  Introduction.   H.— Chsaification— Statistics— Connectiesi 
between  Toxic  Action  and  Chemical  Composition — Life  Tests— Qeneral 
Method  of  Procedure— The  Spectroscope— Examination  of  Blood  and  Based 
Satin*.     HL— Poisonous  Gases.    IV.— Acids  and  Alkalies.     ▼.—More 
or  less  Volatile  Poisonous  Substances.     VI.— Alkaloidi  and  Poieoaem* 
Vegetable  Principles.    VII. — Poisons  derived  from  living  or  Dead  A™friral 
eWhaeanoes.     VEtl.— The  Oxalic  Acid  Group.     IX— Anorganic  Poiseaa. 
Appendix :  Treatment,  by  Antidotes  or  otherwise,  erf  Cases  of  Pessensssj. 
w  Uadoajeedjy  m  aost  oosnqjsa  woaa  on  Toxleologyin  oar  lingnese."— lee  ^esejat  (m 
*  As  a  nAcncAL  evxns,  we  know  so  smn  work."— 3  he  Luncet  (on  tu  TWrd  rSSMiaj. 
%*In  the  This*  Ramos,  Bnlarged  and  partly  Re- written,  Niw  A  xaltocai  Manses*  eeva 
Asaalsejeeaeed,  and  the  OA»Afaaio  Aikaxmbs,  or  Pvomaims,  fcedftes  plefsafwesseaie  pastas 
ffiii  pisiimhn  mil  In  tlii  Mi ntf mUHim  nf  Thiiin  Iiiti  milnfl  ajinlil AaaSJiai 

Wam  :  OtKBlfiB  ffHFFW  ft  60.  LIMITED,  HEZEB  STOGE!,  SleVeU^ 


With  Numerous  Tables,  and  22  Illustrations.     1 6s, 

DAIRY  CHEMISTRY 

FOR    DAIRY    MANAGERS,    CHEMISTS,  AND   ANALYSTS 

A  Practical  Handbook  for  Dairy  Chemists  and  others 

hawing  Control  of  Dairies. 

By  H.  DROOP  RICHMOND,  F.C.S., 

CHBMIST  TO  TKB<AYUSBUaar  .DAIRY  COMPANY. 

Contents.— I.  Introductory.— The  Constituents  of  Milk.  II.  The  Analysis  of 
Milk.  III.  Normal  Milk :  its  Adulterations  and  Alterations,  and  their  Detection. 
IV.  The  Chemical  Control  of  the  Dairy.  V,  Biological  and  Sanitary  Matters. 
VI.  Butter.  VII.  Other  Milk  Products.  VIII.  The  Milk  of  Mammals  other 
than  the  Cow.-— Appendices. — Tables. — Index. 

"...    In  our  opinion  the  book  is  tLw  a*8T  coimtiauTiON  on  thb  subject  THAT 
has  yzt  apfbajukd  in  the  English  language."— Lancet. 


At  Press,  Fully  Illustrated. 

MILK:  ITS  PRODUCTION  &  USES. 

With  Chapters  on  Dairy  farming.  The  Diseases  of  Cattle,  ami  on  the 
Hygiene  and  Control  of  Supplies. 

By    EDWARD    F.    WILLOUGHBY, 

M.D.  (Loud.),  D.P.H.  (Lond.  and  Camb.), 
Inspector  of  Farms  and  General  Scientific  Adviser  to  Welfordand  Bobs,  Ltd. 


Crown  8vo,   Handsome  Cloth.     Fully  Illustrated.      10a.  <d. 

FLESH    FOODS: 

With  Methods  far  their  Chemical,  Microscopical,  and  Bacterio- 
logical Exaxnxnation. 
A  Prmtkal  Handbook  for  Medical  Men,  Analysts,  Inspectors  and  ethers. 
By  C.  AINSWORTH  MITCHELL,  B.A.(Oxon), 

Fallow  of  the  Institute  of  Chemistry;  Member  of  Coancal,  Society  of  Public  AawlfHi 
With  Numerou*  Tables,  Illustration*,  and  a  Coloured  Plate. 

Contents.— Structure  and  Chemical  Composition  of  Muscular  Fibre.  —of 
Connective  Tissue,  and  Blood. —The  Flesh  of  Different  Animals. — The  Examina- 
tion of  Flesh.— Methods  of  Examining  Animal  Fat.— The  Preservation  of  Flesh. 
—Composition  and  Analysis  of  Sausages.— Proteids  of  Flesh.— Meat  Extracts  and 
Flesh  Peptones.— The  Cooking  of  Flesh.— Poisonous  Flesh.— The  Anisoal  Pana- 
attes  of  Flesh. — The  Bacteriological  Examination  of  Flesh.— The  Extraction  and 
Separation  of  Ptomaines.— Index. 

*.*  This  work  is  a  complete  compendium  of  the  chbmjstry  or  animal  i  issiiiib  It  «an* 
tains  directions  for  the  detection  of  morbid  conditions,  putrefactive  changes,  an  ' 

nd  effects.  - 


or  injurious  constituents,  together  with  an  account  of  their  causes  and  < 

JVM. 
"  A  ampliation  which  will  be  most  useful  for  the  eke  for  whom  it  is  intended."- 
M  A  bMk  which  NO  OWB  whose  duties  involve  cooeideratieas  ef  food  supply  OA«t  « 

WITH  0S7T.'     Mmttrifml  ysmmm/. 
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In  Large  8vo.    Handsome  Cloth.    With  numerous  Illustration*. 
AbcA  Volume  Complete  in  Itself,  and  Sold  Separately. 

TECHNICAL  MYCOLOGY: 

THE     UTILISATION    OF    MICRO-ORGANISMS    IN    THE 
ARTS   AND    MANUFACTURES. 

A  Practical  Handbook  on  rermentatton  and  Fermentative  Processes  for  the  Una  of 

Brewers  and  Diet  liters,  Analysts,  Technical  and  Agricultural  Chemists, 

and  all  Interested  In  the  Industries  dependent  en  Fermentation. 

By    Dr.    FRANZ    LAFAR, 

Professor  of  Fermentation-Physiology  end  (Bacteriology  In  the  Technical 
High  School,  Vienna. 

With  an  Introduction  by  Dr.  EMIL  CHR.  HANSEN,  Principal  of  the 

Carleberg  Laboratory,  Copenhagen. 

Translated   bt   CHARLES   T.    C.    SALTER. 

Vol.  I.-SCHIZOMYCETIC  FERMENTATION.    15s. 

Including  tlte  Theory  of  Fermentatum,  the  Principles  qf  Sterilization,  and  Pur* 
Culture  Processes. 

VoL  IX,  Part  I.-EUMYCETIC  FERMENTATION.    7s.  6d. 

The  Morphology,  Chemistry  Physiology,  and  Fermentative  Processes  of  the  Eumycetes, 
Zygomycetes,  and  Saccharomyeeteg, 

"The  first  work  of  the  kind  which  can  lay  claim  to  completeness  in  the  treatment  of 
a  fascinating  snbjeot.  The  plan  ii  admirable,  the  classification  simple,  the  style  ia  good, 
end  the  tendency  of  the  whole  volume  it  to  convey  sure  informfttion  to  the  reader."— 


%•  The  pnbliahera  trust  that  before  long  they  will  be  able  to  present  English  readers 
with  the  whole  of  the  second  Yolnme,  arrangements  having  been  concluded  whereby,  apon 
Its  appearance  in  Germany,  the  English  translation  will  be  at  once  pnt  in  hand.  This  fa  new 
being  done  with  Part  I.,  which  will  bo  leaned  shortly,  and  which  will  be  followed  by  the 
two  final  parts.  

In  Crown  8vo,   Handsome  Cloth.      Price  7s.   6d.   not. 

FERMENTS 

JLKTI>       THEIR       ACTIONS. 

A  Text-book  on  the  Chemistry  and  Phytic*  of  Fermentative  Change*. 
By   CARL    OPPENHEIMER,    Ph.D.,    M.D., 

0/  the  Physiological  Institute  at  ErUngen. 
Translated  from  the  German  bt 
C.  AINSWORTH  MITCHELL,  B.A.,  F.I.C.,  F.C.S. 
Abridged  Contents.- Introduction.— Definition.—  Chemical  Naturo  of  Ferments.— 
Influence  of  External  Factors.— Mode  of  Action. — Physiological  Action.— Secretion.— 
Importanoeof  Ferments  to  Vital  Action.— Proteolytic  Ferments.— Trypsin.— Bacteriolytic 
and  Hmnolytlc  Ferments.— Vegetable  Ferments.— Coagulating  Ferments.— Saccharifying 
Ferments.  —  Diastases.  —  Polysaccharides.  —  Enzymes.  —  Ferments  which    decompose 
Olucosides.— Hydrolytic  Ferments.— Lactic  Acid  Fermentation.— Alcoholic  Fermenta- 
tion.—Biology  of  Alcoholic  Fermentation.— Oxydases.— Oxidising  Fermentation.— Bibli- 
ography.—Index. 

The  present  Translation  embodies  Notes  and  Additions  to  the  Work 

made  by  the  Author  subsequent  to  its  Publication  in  Germany. 
"  Snob  e  yeritable  muUum  in  parvo  has  never  yet  appeared.   The  author  has  set  himself 
the  task  of  writing  a  work  on  Ferments  that  should  embrace  human  erudition  on  tfca 
subject  "—Brewers  Journal. 
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Sicond   Edition,  KeviEed.     In  Large  8vo.     Handsome  Cloth. 
With  Plate  and  Illustrations.    Price  21s. 

THE   PRINCIPLES   AND    PRACTICE   OF 

BREWING. 

FOR  THE  USE  OF  STUDENTS  AND  PRACTICAL  MEN. 

BY 

WALTER  J.  SYKES,  M.D.,  D.P.H.,  P.I.C., 

KDITOX  OV  "THE  AJtALTST." 

ABSTRACT  OF  CONTENTS. 

L  Physical  Principles  involved 
in  Brewing  Operations. 
Chemistry  with  special  re- 
ference to  the  materials 
used  in  Brewing. 
II.  The  Microscope. 
Vegetable  Biology. 


Fermentation. 

III.  Water. 

Barley  and  Malting. 

Brewery  Plant. 

Brewing. 

Beer  and  its  Diseases. 

Appendices. 

Index. 

"  A  rolumo  of  Brewing  Science,  which  has  long  heen  awaited.  ...  We  consider  it  one- 
•f  thk  mob*  comfutb  in  Goimurcs  and  moyml  in  arbaioimist  that  dm  yet  been  published. 
.    .    .    Will  command  a  large  sale."— Th*  Breioers'  Journal 

"The  appearance  of  a  work  such  as  this  serves  to  remind  as  of  the  avoaifotmY  bapid 
asyaicss  made  In  our  knowledge  of  the  Scientific  Principles  underlying  the  Brewing  Processes. 
...  Dr.  Sykes'  work  will  undoubtedly  be  of  the  omatsst  assist  a  wctl  not  merely  to  Brewers, 
but  to  all  Chemists  and  Biologists  interested  in  the  problems  which  the  Fermentation  industries 
present.''— The  Anal  ft- 

"  The  publication  of  Da,  Stub'  mastult  taiahsi  on  the  art  of  Brewing  is  quite  an  erect 
in  the  Brewing  World.  .  .  .  Deserres  our  wannest  praise.  .  .  .  A  better  guide  than  Dr. 
Sykes  eould  hardly  be  found."— County  Brtwrt'  Qauttt. 


In  Large  8vo.     Handsome  Cloth. 

AGRICULTURAL  CHEMISTRY  AND  ANALYSIS : 

A  PRACTICAL  HANDBOOK  FOR  THE  U8E  OF  AGRICULTURAL  81 U DENTS. 

Bt 

J.   M.   H.   MUNRO,   D.Sc,    F.I.C.,    F.C.S., 

Professor  of  Chemistry,  Downton  College  of  Agriculture. 

[In  Preparation. 
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76  CHARLMS  QRlPFfW  S  OO.'S  FUBLIGA TI02T8. 

Second  Edition,  Revised  and  Enlarged. 

Witt  Tables  IUustiatloiis  In  the  Text,  and  37  Lithop«pfafc  Plata.    Medium 

Sto.    Handsome  doth.    30s. 

SEWAGE  DISPOSAL  WORKS: 

A  Guide  to  the  Construction  of  Works  for  the  Prevention  of  the 
Pollution  by  Sewage  of  River*  and  Estuaries 

By  W.  SANTO    CRIMP,   M.Inst.GE.,   F.G.S., 

i  Gouty  CouadL 


PART  L— IirrmoDUCTOET.    PART  II.— Sewage  Disposal  Works  in 
Operation—Their  Construction,  Maintenance,  and  Cost. 

V  From  the  fact  ef  the  AvtWs-  haewoc,  ft*  sobs*  yean,  had  cbifi  ef  the  Main 
Btataage  Works  of  the  Northern  Section  of  the  Metropolis,  the  chapter  oa  London  will  be 
toned  to  eontain  many  important  details  winch  would  sot  otherwise  have  been  availabk. 

"AUMsostfmterestediaSaoitsjySxisace  owe  a  febt  of  gratitude  to  Mr.  Crimp.  .  .  . 
•His  work  will  be  especially  moral  le  S*mrA*r  AonmarrtM  and  their  advisers    .    .    . 

■  M1MBJSULV  raACTICAL  AND  USBTUL."— X«Nttr* 

"rreoeWytheieoeeooMrLwrwAND  snot  WBavnawoa  taw  ■sjHsiswMssjlwai  eopemrad 
*in  our  language  .  .  Will  prove  of  «ts»  peaaaat  aee>  to.  all  who  hem  the  psoblein  of 
-SewafeDuposal  to  fu*.~-BJi**im  tA  AMW/m^. 


Beautifully  Illustrated*  with  Nurmrous  Plate*,  Diagram*,  and 
Figure*  in  ike  Text.     Sis.  mi. 

TRADES'   WASTE: 

ITS   TREATMENT   AND   UTILISATION. 
A  HsflHtbwgsi  ft*  Borough  Hnglneor?,  Surveyors,  Arctiltotttst,  and  Analysis. 

By    W.    NAYLOR,    F.O.S.,    A.M.Inw.C.E., 

Chief  Inspector  of  Rivers,  Kibble  Joint  Committee. 

Cojtctto.— I.  Introduction.— II.  Chemical  Engineering.— in.— Wool  Decreasing 
aud  Grease  Recovery.— IV.  Textile  Industries;  Calico  Bleaching  and  Dyeing.— VT  Dyeing 
and  CaMco-Printing.— VI.  Tanning  and  FeUmongery.— VII.  Brewery  and  Distillery 
Waste.— VIII.  Paper  Mill  Refuse.— IX.  General  Trades'  Waste.— Ibdex. 

"There  is  probably  no  person  in  England  to-day  better  fitted  to  deal  rationally  with 
each  a  subject."— British  Sanitarian. 

44  The  work  is  thoroughly  practical,  and  wi'l  serve  as  a  handbook  in  the  future  for  those 
-who  have  to  encounter  the  problems  discussed."— Chemical  Trade  Journal. 


In  Crown  8vo,  Extra.    With  Illustrations.     8s.  6d. 

CALCAREOUS   CEMENTS: 

TNEHt  HATURE,  PREPARATION,  MUD  U8E8. 

Wteia    saoxaaea    Reaaxaaavlasa    upon    Gem****    OPeaftatlzagfa 

By  GILBERT  1L  REDGRAVE,   Assoc.   Insr   GE, 

Assistant  Secretary  for  Technology.  Board  of  Bdueatton,  South  Kensington. 

u  Iitaluablb  to  the  Student,  Architect,  and  Engineer. "-Building  Xtm. 
_**WW  be  useful  to  au  Interested  in  the  stajroTAOTCBa,  csa,  and  nsrara  of  Oementa"— 
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CBB919TRY  AND  TaCHXOLQ&T. 


Just  Out.     With  Four  Folding  Plate*  and  Numerous  Illustrations. 
Lftrgp  8vo. 

WATER     SUPPDTr 

A  Practical  Treatise  on  the  Selection  of  Sources  and  the  Distribution  of  Water. 
Br  REGINALD  E.  MIDDLBTON,  M.Inbt.C.E„  M.I»jt.Mech.E.,  F.S.I. 
Abridged  Cotfuras.— Introductory.— lUquiremeats  at  to  Quality.— Requirements 
as  to  Quantity.— Storage  Beservotrs.— Partloatlon,— Service  Beservoirs.— The  Flow 
of  Water  tarougu  Pipe*.  —  Distributing  Sytams  —  Pumping  MaaUnes.  —  Special 
Requirements. 

Third  Edttiow,  Revised.    Fully  Illustrated.    At  Pms. 
THE   CHEMISTRY   OF 

GJBLS     MANUFACTURE  : 

A  Hmnd-Book  on  the  Production,  Purification,  and  Testing  of  Illuminating 
Qas,  and  the  Assay  of  the  Bue-Produeta  of  Qas  Manufacture. 

Br  W.  J.  ATKINSON  BUTTERFIELD,  M.  A.,  F.I.C.,  F.O.S., 

Formerly  Head  Chemist,  Oft*  Wbrks,  Beckton,  London.  B. 

General  Contents. — I.  Raw  Materials  for  Gas  Manufacture.  —II.  Cos! 
Gas.— III.  Carburetted  Water  Gas.— IV.  Oil  Gas.— V.  Enriching  by  Light 
Oils.— VI.— Final  Details  of  Manufacture.— VII.  Gas  Analyst*— VHI. 
Photometry. — IX.  Applications  of  Gas. —X.  Bye-Products*—  XI.  Acetylene. 
— Index. 

"  The  best  work  of  its  kind  which  we  hare  ever  had  the  pleasure  of  rt» 
viewing."— Journal  of  Gas  Lighting. 


J  (JOT  Out.     With  Diagrams  and  Illustrations.     5s.  net. 

ACETYLENE; 

THE    PRINCIPLES    OF    ITS    GENERATION    AND    USE. 

Bt  F.  H.  LEEDS,   F.I.O.,  F.C.S., 

Member  of  the  Society  of  Public  Analysts  and  of  the  Acetylene  Association; 

And   W.    J.  ATKINSON    BUTTERFIELD,    M.A.,   F.I.C.,   P.G.a, 

Consulting  Chemist,  Author  of  "  The  Chemistry  of  Gas  Manufacture." 
Gkxkral  Coxtknts  —  Introductory.— Advantage*  of  Acetylene  and  other  Illuminants.— 
Chemistry  and  Physics.  — General  Principles  of  Acetylene  Gensration.  —  Choice  of  a 
Gen 3rator.— Statutory  Regulations.— Treafment  of  Acetylene  after  Generation —General 
Properties.— Mains  and  Service  Pipes.— Subsidiary  Apparatus.— Burner*.— Incandescent 
Burners.  —  Heating  Apparatus  and  Motor*  —  C*r burette d,  Compressed,  and  Diiaolved 
Acetylene.— Mixtu  res  with  other  Gases.  -  Sundry  Uses.— Acetylene  Lamps.— Valuation 
and  Analysis  of  Carbide.  * 

Ready  Immediately.     Large  8vo.     Handsome  Cloth.     Price  16a.  net. 

FIRE    AND    EXPLOSION    RISKS. 

A  Handbook  of  the  Detection,  Investigation,  and  Prevention  of  Fires  and  Explosion  . 

By    Dr.   VON    SCHWARTZ. 

Translated  from  the   Revised   German   Edition 

By  C.   T.   C.   SALTER. 

Abbetjjgkd  Gknehal  Contents.— Fires  and  Explosions  of  a  General  Character.— 
Dangers  arising  from  SoorceB  of  Light  and  Heat— Dangerous  Gases.— Bisks  Attending 
Special  Industries.  —  Materials  Employed.  —  Agricultural  Products.  —  Fats,  Oils,  ana 
Resins.— Mineral  Oils  and  Tar.— Alcohol,  Ac— Mats  Is,  Oxides*  Acids,  Aav-Lightning, 
Ignition  Appliances,  Fireworks. 
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Tenth  Edition,  Revised.    Price  fg> 

PRACTICAL  SANITATION: 

4  HAND-BOOK  FOR  8 AN  IT  A  RY  IN8PECT0R8  AMD  OTHERS 
IMTERE8JED  IS  8ANITAT10N. 

By  GEORGE   REID,  M.D,  D.P.H., 

JWIpw,  Mom,  CommeiL  mnd  Exmtmimtr,  Smmllmtv  InsHtmU  of  Grmt  AUmm^ 
mmd  ModiomlOJkor  to  tko  SUfordtkir*  ComU?  CommeiL 

TOltb  an  BppenMs  on  Sanitary  Xaw, 

By    HERBERT    MAN  LEY,    M.A.,    M.B.,    D.P.H., 
ModhmiOJUor tfHomUhfor tkoCommij  Boromgh  o/ Woti  BtmmmdJL 

Gznulal  Contents.— Introduction— Water  Supply:   Drinking  Water, 
Pollution   of  Water— Ventilation   and   Warming  —  Principle*  of  f 
Remofal  —  Details  of  Drainage;  Refuse  Removal  and  Disposal — £ 
and  Insanitary  Work  and  ApnUances— Details  of  Plumbers' Work— Ho 
Construction  —  Infection  and  Disinfection  —  Food,  Inspection  of;  Charac- 
teristics of  Good  Meat ;  Meat,  Milk,  Fish,  &c,  unfit  for  Human  Food 
Appendix :  Sanitary  Law ;  Model  Bye-Laws,  &c 

"  Dr.  Raid's  very  useful  Manual  .  .  .  abounds  in  practical  detail." 
—British  MtdicaJ  Journal. 

"  A  vert  useful  Handbook,  with  ft  very  useful  Appendix.  We  recommend 
it  not  only  to  Sanitary  Inspectors,  but  to  Householders  and  all  interested 
in  Sanitary  matters."— SanUaoy  Record. 


COMPANION    VOLUME    TO    REID'8   SANITATION. 

In  Crown  8vo.    Handsome  Cloth.    Profusely  Illustrated.    8s.  6d.  net. 

Sanitary  Engineering: 

A  Practical  Manual  of  Town  Drainage  and  8ewage  and  Refuse  Dispoml. 

For  Sanitary  Aulliui  ItleSf  EnSjIneerSy  Inspectors;  ArohftsotSi 
Oenli  netorS)  and  Students* 

BY 

FRANCIS    WOOD,    A.M. Inst. C.E.,    F.G.S., 

Borough  Engineer  and  Surveyor,  Fulham ;  late  Borough  Engineer,  Bacup,  Lane*. 


GENERAL  CONTENTS. 
Introduction.— Hydraulics — Velocity  of  Water  in  Pipes. —Earth  Pressures  and  Retaining 
Walls.— Powers.— House  Drainage. -Land  Drainage.— Sewers,— Separate  System.— Sewage 
Pumping.— Sewer  Ventilation.— Drainage  Areas.— Sewers,  Manholes,  &c— Trade  Refuse.— 
Sewage  Disposal  Works.— Bacteriolysis.— Sludge  Disposal.— Construction  and  Cleansing 
•f  Sewers.— Refuse  Disposal.— Chimneys  and  Foundations. 

"  The  votane  bristles  whh  information  which  will  be  greedily  read  by  these  in  need  of  assistance.  The 
book  K  one  that  ought  to  be  on  the  bookshelves  of  BVBry  practical  engineer.*— Sawifttfy  7>Km*A. 

"A  VERITABLE  POCXBT  COMPENDIUM  of  Sanitary  Engineering.  .  .  .  A  work  which  sany.  ft* 
■tany  respects,  be  considered  as  COMPLETE  .  .  ,  COMMBNOABLY  CAUTIOUS  .  .  .  iNTORBSTnts 
.    SV&msnivnS—rttUicHmXhBneiiKir. 
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Vol.  I.  Now  Ready.    In  Half 

In  Two   V*>lume$>  each  comphU 

PHYSIC0-CHEMICA1 

FOR  THE  USE  OF  ANALYSTS,  PHYS 
MANUFACTURERS,  AND  SCIENTI1 

Volume  I.— Chemical  Engineering,  Physical 
Volume  II. — Chemical  Physics,  Pure  and  1 

By    JOHN    CASTELL-EVANS, 

Superintendent  of  the  Chemical  Laboratories,  and  Lecture 
Metallurgy  at  the  Finsbury  Technica 

The  Tables  may  almost  claim  to  be  exhaustive,  and  ei 
ecent  data  established  by  experimentalists  at  home  and  : 
found  invaluable  to  all  engaged  in  research  and  experimental 
Physics. 

The  Work  comprehends  as  far  as  possible  all  rules 
Analyst,  Brewer,  Distiller,  Acid-  and  Alkali-Manufacturer, 
cipal  data  in  Thkrmo-Chbmistry,  Electro-Chemistky, 
Chemical  Physics.  Every  possible  care  has  been  taken  t 
to  include  the  results  ef  the  most  recent  investigations. 


In  Large  Svo.     Handsome  Cloth,     Beauti/uli 
Plates  and  Figure*  in  the  Tex\ 

Road  Making  and  Ma  i 

A    PRACTICAL    TREATISE    PO! 
SURVEYORS,     AND     Ol 

With  an  Historical  Sketch  or  Ancient  an 

By  THOS.  AITKEN,  AssoaM 

Member  of  the  Association  of  Municipal  and  County  Engine*   i 
Inst ;  Surveyor  to  the  County  Council  of  Fife,  (   i 

WITH  NUMEROUS  PLATES,    DIAQRAM8,    AND     i 

Contents.—  Historical  Sketch.— Resistance  of 
New   Roads.  —  Earthworks,  Drainage,  and   Re  i 
Materials,  or  Metal. — Quarrying. — Stone  Breakin 
Rolling  and  Scarifying.— The  Construction  of  Net 
of  existing  Roads.— Carriage  Ways  and  Foot  Way 

"The  Literary  style  is  axonuurt.  ...  A  oompuhinsiti  si  ! 
vf-to-dati  work.  .  .  .  Mould  be  on  the  reference  shelf  of  i 
Bjnftlneer  or  Surveyor  in  the  United  Kingdom,  end  of  every  OoionL  ; 
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Third  Edition,  Revised  and  Enlarged.    With  Illustrations,    ias.  6t\ 

Painters' 
Colours,  Oils,  &  Varnishes: 

A    FRAOTIQAI.    MAJTUAI*. 

Bt  GEORGE    H.    HURST,    F.C.S., 

M— bar  of  th«  Society  of  Chemical  Industry ;  Lecturer  on  the  Technology^  PaiataaV 
Cohmra,  pat»  and  Vanuafaa%  oW  Municipal  Technical  Albion,  Usai  tie— «■ 

Gemkeal  Contents.— Introductory— The  Composition,  Manvfactuml, 
Assay,  and  Analysis  of  Pigments,  White,  Red,  Yellow  and  Orange,  Green, 
Blue,  Brown,  and  Black— Lakes— Colour  and  Paint  Machinery— Paint  Vehicle* 
(Oils,  Turpentine,  ftc.,  Ac. )—  Driers— VARNISHES. 

"  A  thoroughly  mulct  ical  book,  ...  the  omlt  BafUeh  wo*  that  aatnafeKtantr 
treats  of  the  manufacture  of  oils,  colonic,  aod  pigments. " — C  kmmrm  I  Trades*  JemrmmL 

*##  For  Mr.  Hurst's  Garment  Dyeing  and  Cleaning,  see  p.  84. 


In  Crown  8vo.     Handsome  Cloth.     With  Illustrations.     5s. 

THE  PAINTERS  LABORATORY  GUIDL 

A  Student's  Handbook  of  Paints,  Colours,  aad  Yaraisftnev. 

By  GEORGE   H.   HURST,  F.C.S.,  M.S.C.I. 

Arstract   of   Contents.  —  Preparation  of  Pigment   Colours.  —  Chemical    Principles 
involved. — Oils  and  Varnishes. — Properties  of  Oils  and  Varnishes. — Tests  and  Experiments. 
— Plants,  Methods,  and  Machinery  of  the  Paint  and  Varnish  Manufactures. 
This  Work  has  been  dfsi(nedbv  the  Author  for  the  Laboratory  of  the  Technical  School,  and 

of  the  Paint  and  Colour  lVorktt  and  for  all  interested  or  engaged  in  these  industries. 


■Second  Hdhton,  Reviled,    la  Crown  8vt>.  extra.  With  Numerous  Hhntta- 
tiona  and  Plates  (some  in  Colours),  including  Original  Designs.    12a.  6<L 

Painting  and  Decorating: 

A   Complete  Practical  Manual  far  Souse 

Painters  and  Decorators. 

Bt   WALTER   JOHN    PEARCE, 

ucrnm  at  tbs  ha*chmtb*  tbohmxqaj.  scnooi.  fob  Homna>rau«—  ajh>  Dawaurartx. 
GENERAL    CONTENTS. 

Introduction— Workshop  and  Stores— Plant  and  Appliances— Brashes  and 
Tools— Materials :  Pigments,  Driers,  Painters'  Oils— Wall  Hangings— Pager 
Basqasg— Colour  Mixing— Distempering— Plain  Painting^taiiunff— Varnish 
and  va*iiiahmg»— Imitative  Painting  — Graining— Marbling — Gilding — S: — 
Waiting  and  Letterintr— Dwwration  :  General  fencrplea— Decoration  in 
teinpssv-Psiated  Decoration—  Relievo  Decoration—  Getour— Meaeortnr  sad 
Estimating— Coach-Painting— Sm^-Painting;  

"A  THOROUGHLY  USEFUL  BOOK     .     .     .     GOOD*  SOUND,  PUMJIMSJ  DfjaV 

1CAXIOK  in  a  clear  and  ookcxsi  form.  "—Plumber  and  Decorator. 

"A  THOROUGHLY  GOOD  AND  RELIABLE  TEXT-BOOK.     .     .     .     So  TOLL  K*& 

complete  that  it  would  be  difficult  to  imagine  how  anything  farther  oonid  b# 
add»daJaonttW  Paints  CTafa"— Suildm?  Jomw&k  - 
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In  Large  8vo.     Handsome  Cloth.     With  4  Plates  and  Several 
Illustrations.      i6&>  net. 

THE  CHEMISTRY  OF  INDIA  RUBBER. 

A  Treatise  on  the  Nature  of  India  Rubber,  its  Chemical  and 

Physical  Examination,  and  the  I>etermination  and 

Valuation  of  India  Rubber  Substitutes. 

Including,  the  Outlines  of  a  Theory  on  Vulcanisation. 

BY 

CARL   OTTO    WEBER,    Ph.D. 

Abstract  of  Contents. — Introduction*—  The  Chemistry  of  India  Rubber. 
— The  Examination  and  Valuation  of  India  Rubber.— Examination  of  India 
Rubber  Substitutes* — Inorganic  Filling  Materials. — Vulcan isers  and  Sulphur 
Carriers. — India  Rubber  Solvents. — Colouring  Matters  and  Pigment  Colours. 
— Constructive  Components  of  India  Rubber  Articles. — Analysis  of  Manu- 
factured India  Rubber. — Sanitary  Conditions  in  India  Rubber  Works. — 
Indbx. 

"Replete with  scientific  and  also  with  technical  interest.  .  .  .  The  sub-section jon 
the  physical  properties  is  a  complete  rtsund  of  every  thing  known  to-day  on  ths  subject." — 
India-rubber  Jonrnal. 


New  Edition.     In  Large  SVo.     Handsome  Cloth.    With  144 


OILS,  FATS,  BUTTERS  A  WAXES: 

THE IR  PREPARATION  AND  PROPERTIES,  AND  MANUFACTURE  THERE- 
FRO*  OF  CANDLES,    SOAPS,   AND  OTHER  PRODUCTS. 

BT 

C.  R.  ALDER  WRIGHT,  D.Sc,  F.RS., 

Late  Lecturer  on  Chemistry,  St.  Mary's  Hospital  Medical  School ;  Examiner  in  "Soap" 
to  the  City  and  Guilds  o£  London  Institute. 

Thoroughly  Revised,  Enlarged,  and  in  Part  Rewritten 

By  C.  AINSWORTH  MITCHELL,  B.A.,  F.I.C. 

"  Dr.  Wxight's  work  will  bo  found  ASSOurruiY  immoyrh&able  by  every  ft— frt 
Taws*,  with  mtosmatioa  valuable  alike  to  the  Analyst  and  the  Technical  Cheenist.*— 


•*vHM  mnk  as  the  Stamdamd  Ehcusk  Authokity  on  Oas  and  Fats  fee  saw 
wonts  to  come."— Industries  and  Irtm. 

~  :  CHMH.E8  8RIFFIN  4  CO.,  LIMITED,  EXETER  STREET.  8TRAN& 


/ 


THE  TEXTILE  INDUSTRIES. 


In  Two  Large  Volume*,  920  pp.,  with  a  Supplementary  Volume* 
containing  8peeimen9  of  Dyed  Fabrics.    46s. 

A   MANUAL   OF   DYEING: 

FOR  THE  USE  OF  PRACTICAL  DYER8,  MANUFACTURERS,  STUDENT* 
AND  ALL  INTERESTED  IN  THE  ART  OF  DYEING. 

BT 

K.  KNECHT,  Ph.D.,  F.I.C.,  CHR.  RAWSON,  F.LC.,  F.OS-. 

■««  «C  Ika  ObMnMry  aad  Djdar  O^wtiiMBl  of        Late  Hoad  of  Um  ChmmMrj  •»*  Df^m  I 
tfcw  lfcaaaleal  Sthool.  Vanabeitor:  Bdltor  of  "The         ot  tb«  Technlatl  CoUen,   Bnritotf 
/•vmtlef  IkoBooMf  of  Dyen  we  Oolowfata ; "  Oouoll of  fee aodetrofDren *ad C 

And  RICHARD  LOEWBNTHAL,  PluD. 


Gskkral  Coirnirn.— Chemical  Technology  of  the  Textile 
Water — Washing  and  Bleaching — Adda,  Alir*Hj*t  Mordants— Natural 
Colouring  Matters— Artificial  Organic  Colouring  Matter*— Mineral  Coloura 
—Machinery  need  in  Dyein*— Tinctorial  Properties  of  Colouring  Matter* — 
Analytii  and  Valuation  of  Materials  used  in  Dyeing,  Ac,  Ac. 

**  The  nog*  tauj&bu  and  uennrx.  won*  on  Dyeing  that  has  yet  appeared  In  the 
eutfnage   .   .    .    likely  to  be  ran  Btahdabd  Wou  or  Bananvca  for  yean  to  e 


44  Tale  aethoritatlTe  aod  exhaustive  work   ...    the  host  ooMnsn  we  havs  yet  i 
am  the  subject"— Tfcrtf J*  Manufacturer, 

"  The  most  ixhaottiti  and  cokflbts  woaa  on  the  ■nbjeot  extant*'—  JkxifU  J 


Companion  Volume  to  Knecht  <&  Rawson's  "Dyeing."    In  Large  8vo. 

Handsome  Cloth,  Library  Style.    16s.  net, 

H   DICTIONARY    OF 

DYES,  MORDANTS,  &  OTHER  COMPOUNDS 

USED  IN  DYEING  AND  CALICO  PRINTING. 

With  Formula,  Properties,  and  Applications  of  the  various  substances  des*riooa\ 

and  conciee  direction*  for  their  Commercial  Valuation, 

and  for  the  Detection  of  Adulterants. 

By  CHRISTOPHER  RAWSON,  F.I.C.,  P.C.S., 

Consulting  Clienilat  to  the  Behar  Imllgo  Planters'  Association;  Co-Aathor  of  "A  Manual 

of  Dyeing ;" 

WALTER  M.  GARDNER,  F.C.S., 

need  or  the  Department  of  Chemistry  and  Dyeing,  Bradford  Municipal  Technical  Collec* ; 
Editor  of  the  "  Journ.  Boc.  Dyers  and  Colourist* ; " 

And  W.  F.  LAYCOCK,  Ph.D.,  F.C.S., 

AaaljUeal  and  Consulting  Chemist 
••  Tarn  to  the  book  ■•  one  may  on  any  subject,  or  any  ■nbetanee  in  connection  with  the 
trade,  and  a  reference  la  sure  to  be  found     The  snthors  have  apparently  left  nothing  eat. 
Considering  ihe  immense  amount  of  Information,  the  book  ia  a  eheap  one,  and  we  treat  It 
will  be  widely  appreciated. **— ffcrftfe  Mercury. 
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In  Large  800,  Handsome  Cloth,  with  Numerous  Illustrations.     9*. 

TEXTILE  FIBRES  OF  C0MMERC1 

A  HANDBOOK  OF 

The  Ooourrenoe,  Distribution,  Preparation,  and  Indusl 
Uses  of  the  Animal,  Vegetable,  and  Mineral 
Products  used  in  Spinning  and  Weaving. 

By    WILLIAM    I.    HANNAN, 

Lecturer  on  Botany  at  the  Ashton  Municipal  Tectanlc  1 1  School,  Lecturer  on  Cottc 
Spinning  at  the  Chorley  Science  and  Art  School,  4c. 

With  Numerous  Photo  Engravings  from  Nature. 

%*  Tbe  subjects  discussed  in  this  volume  are,  in  order  to   facil 
reference,  arranged  in  alphabetical  order  under  their  respective  heads, 
work  may  thus  be  regarded  as  a  Dictionary  of  Textile  Fibres.    A  featu 
the  work  is  the  wealth  of  botanical  description  which  accompanies 
Section  dealing  with  Vegetable  Fibres.— Publishers'  Note. 

M  Useful  Information.  .  .  .  Admirable  Illustrations.  .  .  .  The  inform 
is  not  easily  attainable,  acd  in  its  present  convenient  form  will  be  rateable.  n—f 
Recorder. 


TEXTILE    PRINTING: 

A  PRACTICAL  MANUAL. 

Including  the  Processes  Used  in  the  Printing  of 

COTTON,   WOOLLEN,   SILK,   and  HAL 

SILK  FABBICS. 

By  C.  F.  SEYMOUR  ROTHWELL,  F.C.S., 

Mem.  Ax.  a/  Ghmnkml  JtkhutrUs;   late  Lecturer  at  the  Mmnicipml  Technical  Bekoe 
Manchester. 

In  Large  8vo,  with  Illustrations  and  Printed  Patterns.     Price  21a 


General  Contents  —  Introduction.  —  The  Machinery  Used  in  Tex; 
Printing.— Thickeners  and  Mordants.— The  Printing^pf  Cotton  Goods.—' ' 
Steam  Style.— Colours  Produced  Directly  on  the  Fibre.— Dyed  Sty  lei . 
Padding  Style.— Resist  and  Discharge  Styles.— The  Printing  of  Compoi : 
Colourings,  &c— The  Printing  of  Woollen  Goods.— The  Printing  of  fc  i 
Goods.  —  Practical  Recipes  for  Printing.  —  Appendix.  —  Useful  Tables 
Patterns. 

"  By  far  the  best  and  most  practical  book  on  textile  pRurrnio  wbioh  has  yet  I 1 
brought  out,  and  will  long  remain  the  standard  work  on  the  subject  It  is  essenti  1 
praotloal  in  character."— Textile  Mercury. 

•»  Thb  most  FBAcncAL  manual  of  textile  nurrora  which  has  yet  appeared.  We  s  1 
su>  hesitation  in  recommending  it  —The  Textile  Manu/octwer. 
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Large  8vo.    Handsome  Cloth.    12s.  6d. 

BLEACHING  &  CAUCO-PRINTING. 

A  Short  Manual  for  Students  and 
Practical  Men. 

By    GEORGE    DUEER, 

Director  of  the  Bleaching ,  Dyeing,  and  Printing  Department  at  the  Acerinfton  and  Bacup. 
Technical  Schools;  Chemist  and  Colours*  at  the  lrweU  Prist  Works. 

Assisted  by  WILLIAM   TURNBULL 

(of  Tornbull  *  Stoekdafe,  Idmtted). 

With  Illustrations  and  upwards  of  One  Hundred  Dyed  and  Printed  Pattern* 
designed  specially  to  show  various  Stages  of  the  Processes  described. 

GENERAL  CONTENTS.— Cottoh,  Composition'  of;  BuLkCHnra,  New 
Processes ;  Printing,  Hand-Block  ;  Slat-Press  Work ;  Machine  Printing— 
Mordants— Stylhs  of  Calico-Pbintino  :  The  Dyed  or  Madder  Style,  Resist 
Padded  Style,  Discharge  and  Extract  Style,  Chromed  or  Raised  Colons!, 
Insoluble  Colours,  &o.  —  Thickeners  —  Natural  Organic  Colouring  Mattes* 
— Tannin  Matters  —  Oils,  Soaps,  Solvents— Organic  Acids— Salts— Mineral 
Colours— Coal  Tar  Colours— Dyeing— Water,  Softening  of —Theory  a£Coloui» 
— Weights  and  Measures,  &c 

"  When  a  aiADY  wat  oat  of  a  difficulty  Is  wanted,  it  is  is  books  lies  vhis  that  it  is  found."— 
TwkHU  Jtoorder. 

M Mr,  Dvsaa's  work  will  be  found  most  vbstul  .  .  .  The  information  siren  hi  of  oiut 
▼ALua    .    .    .    The  Recipes  are  thoioughlt  FEACTiOAit"— TtxtiU  Jfattu/aeturtr. 


Second   Edition.     Revised  and   Enlarged.     With  Numerous 
Hlustss&ions,     4s.  6d. 

GARMENT 

DYEING   AND   CLEANING. 

A  Practical  Book  for  Practical  Hen. 

By     GEORGE    H.     HURST,    F.C.S., 

Member  of  the  Society  of  Chemical  Industry. 

Gbneral  Contents.— Technology  of  the  Textile  Fibres— Garment  Ctesning 
—Dyeing  of  Textile  Fabrics — Bleaching— Finishing  of  Dyed  and  Cleaned  Fabrics— 
Scouring  and  Dyeing  of  Skin  Rugs  and  Mats— Cleaning  and  Dyeing  of  Feathers 
Glove  Oeanfng  and  Dyeing— Straw  Bleaching  and  Dyeing— Glossary  of  Drags 
mud  Chemicals— Useful  Tables. 


"  An  up-to-date  hand  book  has  long  been  wanted,  and  Mr.  Hurst  has  dsa*  ■iilhiig 
more  complete  than  this.  An  important  work,  the  more  so  that  several  of  the  branches  of 
the  craft  here  treated  upon  are  almost  entirely  without  English  Manuals  for  the  guidance 


«f  workers.    The  price  brings  it  within  the  reach  of  »lL"~Dyer  emd  CnBc* Printer. 

"  Mr.  Hurst's  work  decidedly  fills  a  want    .    .    .    ought  to  he  in  the  amass  of 
■TSXY  garment  DYER  and  cleaner  in  the  Kingdom**— TVxtfir  Mtratry* 

UHm :  CHARLES  SRJFFIN  A  CO.,  LIMITED.  EXETER  STREET.  STSJMO. 


11  Boyi  COULD  HOT  HAY!  A  MORI  ALLUBINO  IHTKODUCTIOH   to  Scientific  pUfSUite 

Hum  these  charming-looking  volume*,"— Letter  to  the  Publishers  from  the  Head- 
miteiff  one  of  oar  «*eat  PubMo  flehools. 

Handsome  Cloth,  7s.  6d.     Gilt,  for  Presentation,  8s.  6d. 

0PEJ1-M5  STUDIES  IJ1  BOTANY: 

SKETCHES    OF   BRITISH   WILD    FLOWEBS 

IN  THEIB  HOMES. 
By  R.  LLOYD  PRAEGER,  B.A.,  M.R.I.A. 

Illustrated  by  Drawings  from  Nature  by  S.  Rosamond  Praeger, 
and  Photographs  by  R.  Welch. 
•GnrmAL  Coxnvrn.— A  Daisy-Starred  Pasture— Under  the  Hawthorn* 
— -%  tfaeKrrer— Along  the  Shingle-^A  Fragrant  Heds^ow-^Conssesnara 
Reg  Where  the  Samphire  grows — A  Flowery  Meadow— Among  the  Corn 
(a  Study  in  Weeds)— In  the  Home  of  the  Alpines— A  Csty  Rnbbish  ttssp— 
Glossary. 

"A  inais  Jan>  smnrLATDss  book   .    .    .  enonMtsfesafttsJinlaos   .   .    .    Tne 
Musn.aUoiisera  drawn  wtth  much  skill."— STh*  Tin**. 

"  BEAUTIFULLY  rLLOBTRAHO.     .     .     .     One  of  the  most  AOCU&Am  as  weU  as 
DlfSBSSTise  tooks  of  the  kind  we  have  seen."— Athencmm. 

"Redolent  wtth  the  loent  of  woodland  and  meadow."— TttStamOard. 


Wtth  12  Full-Page  Illustrations  from  Photograph:    Cloth. 
Second  Edition,  Revised.      8s.   6d. 

OPEjWUlt  STUDIES  IJ1  GEOLOGY: 

An  Introduction  to  Geology  Out-oMoore, 
By    ORENVILLE   A.  J.   COLE,   F.G.S.,   M.R.I.A., 

Professor  of  Geology  in  the  Royal  College  of  Scienoe  for  Ireland, 
and  Examiner  in  the  University  of  London. 

OemsjbLL  CoifTmrm— The  Materials  of  the  Earth— A  Mountain  Holtew 
—Down  the  Valley— Along  the  Shore— Across  the  Plains— Dead  ¥s loans  so 
—A  Granite  Highland— The  Annak  ef  the  Earth— The  Surrey  ffilla— The* 
Voids  of  the  Mountains. 

"The  VAeoniATDia  *Oras-Are  Bttoibs*  ef  Paoe.  Oeia  give  the  subject  *  oxow 
avtvation    .    .    .    -nrmfft  ft  IT  to 1 * — tttt*  *-  gTT^Tnjr  H    amkffiml  ¥snTasii 

**  A  cruBMixo  book,  beautiful  y  Illustrated.'* -Athenmrm. 

Beautifully  Illustrated.     With  a  Frontispiece  in  Colours,  and  Numerous 
Specially  Drawn  Plates  by  Charles  Why m per.     7s.  €d. 

0PEfl-M$  STUDIES  IJI  BlflD-LIFE: 

SKETCHES  OF  BRITISH  BIRDS  IN  THEIR  HAUNTS. 
By    CHARLES    DIXON. 
The  Spacious  Air.— The  Open  Fields  and  Downs.— In  the  Hedgerows.— On 
Open  Heath  end  Moor.— On  the  Mountains. — Amongst  the  Evergreens. — 
Copse  and  Woodland.— By  Stream  and  Pool.— The  Sandy  Wastes  and  Mud- 
flats.—Sea-laved  Books.— Birds  of  the  Cities. — Index. 

••  Enriched  with  excellent  illustrations.  A  welcome  addition  to  all  libraries."—  Witt- 
minster  Review. 

LONDOH:  CHARLES  GRIFFIN  &  CO.,  LIMITED  EXETER  STREET.  8TRAML 


Twentieth  Annual  Issue.    Handsome  cloth,  7s.  dot 
(To  Subscribers,  6sJ. 

THE     OFFICIAL     YEAR-BOOK 

O*  TUB 

SCIENTIFIC  AND  LEARNED  SOCIETIES  OF  GREAT  BRITAEH 
AND  IRELAND. 

OOUFILMD  FROM  OFFICIAL  BOTJBOBR 

lolng  {together  with  other  Official  information)   LISTS  •/  <*» 
APERS  road  during  the  Session  1902-1903  before  all  the  LEAOihW 
SOCIETIES  throughout  the  Kingdom  engagod  In  the  following  Depart- 
menU  of  Reoeareh  ;— 


Comprii 
PAP 


Js.  Soioaco Generally ;  U.,  Societies occupy- 
be  themselves  with  imnl  Branches  of 
Saence,  of  with  Science  and  Literature 
Jointly. 

4  a,  Mathematics  and  Physics. 

f  j.  CViwiimj  sad  Phonography. 

a)  4-  Otology,  Geography,  and  Mineralogy. 

i  f.  Biology,  including  Microscopy  and  An- 


I  t.  Koonomk  Science  and  Statistics. 
I  7.  Mechanical  Science,  " 


I  I.  Naval  and  Military  Ananas 
I  9.  Agriculture  aad  rforuo»js1aTO> 
fio.  Law. 
I".  " 


lis.  Ptychology. 
1*3.  *    * 


Archaeology. 

1 14.  MEDICINE, 


•"Fills  a  very  real  want." — Engineering. 
"  Indispensable  fo  any  one  who  may  wish  to  keep  himself 
abreast  of  the  scientific  work  of  the  day." — Edinburgh  Medical 

fournai 

"  The  Ykae-Book  or  Societies  is  a  Record  which  ought  to  be  of  tho  greatest  mo  far 
*he   proijess  of  Sa**c*."-L*rd  Pl*xfmirt  FJtJS.%  JT.C.A,  MJ>.t  Pms^Kw33mTSfK 


4  It  goes  almost  without  aaying  that  a  Handbook  of  this  subject  will  ho  hi  time 
one  of  the  most  generally  useful  works  for  the  library  or  the  desk."— TJU  TSmu$. 

"  British  Societies  are  now  well  represented  in  the  *  Year-Aook  of  the  Scientific  and 
.Learned  Societies  of  Great  Britain  and  Ireland.' ''--(Art.  "Societies"  in  New  William  of 
"Encyclopaedia  Britannica,"  vol.  ami.) 


Copies  of  the  First  Issue,  giving  an  Account  of  the  History. 
Organization,  and  Conditions  of  Membership  of  the  raiiouB 
Societies,  and  forming  the  groundwork  of  the  Series,  may  still  be 
had,  price  7/6.    Also  Copies  of  the  Issues  following. 

The  year-book  of  SOCIETIES  forms  a  complete  index  to  thk  scientific  work  of  the 
eeasionaTyearintn^variousLJepartments.  It  is  used  as  a  Handbook  in  all  our  great 
Scientific  Centres,  Museums,  and  Libraries  throughout  the  Kingdom,  and  has  become 
an  indispensable  book  or  REFERENCE  to  every  one  engaged  in  Scientific  Work. 

READY  IN  OCTOBER  EACH  YEAR. 
LONDON:  CHARLES  GRIFFIN  A  CO.,  LIMITED,  EXETBMBfftEET,  STRAW. 
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